


Final R e p o r t  

M a r c h  1966  - F e b r u a r y  1969  

NASA C o n t r a c t  No.  NGR-36-003-079  

Sol id  S t a t e  E l e c t r o n i c s  L a b o r a t o r y  

E n g i n e e r i n g  D e s i g n  C e n t e r  

C a s e  W e s t e r n  R e s e r v e  U n i v e r s i t y  

W. H. Ko 

E. Yon  

D. R a r n s e t h  

W. T h o m p s o n  

R .  Ant inone  



Table of Colltents 

L is t  of F igu res  

L i s t  of Tables  

SECTION I - Summary  

SECTlON I1 - Design Considerations 

SECTION 111 - Transmi t t e r  Design P a r a m e t e r s  

3 .1  Multiplexing F o r m a t  

3.1.1 Con~ponent  and Fabricat ion Limitations 

3.1. 2 Bandwidth and Accuracies  

3.1. 3 Multiplexillg F o r m a t  Selection 

3. 2 The R F  Transmis s ion  Link 

SECTION IV - Overal l  Sys t em Design P a r a m e t e r s  

4 . 1  Sampling Ratio 

4.  2 Duty Cycle of Sample Pu l se s  

4. 3 Channel, Sync, and AGC Pulse  Levels 

4 . 4  Video Bandwidth 

4. 5 R F - C a r r i e r  Bandwidth 

4. 6 Peak R F - C a r r i e r  Deviation and Deviation Ratio 

4 .  7 F i l t e r s  and Bandwidth-Lil~liting 



5.  1 Tcc l~n i c~ues  fo r  Miilj111j zing Power  Rec ju i r e r~~en t s  

5.1.1 Requirements on Power  -Supply-Gated 
Ci rcu i t s  

5.1. 2 Con~ponent  Lilmitations in Gated-Power  - 
Supply Ci rcu i t s  

5.1. 3 Additional Advantages and Disadvantages 
of Power  -Suppl.y-Gating 

5. 2 Techiliques and Col~lponents 

5. 3 Advantages of Physiologically -Implanted Ambient 

SECTION VI - T r a n s m i t t e r  Design 

6 .1  Bloclc D iag rams  of the T r a n s m i t t e r  Unit 

6, 2 Ring Osc i l l a to r  

6. 3 Revised  Ring Osci l la tor  

6 . 4  Signal  Condit ioners and Ampl i f i e r s  

6.  5 F r a m e  -Sync and AGC Genera tors  

6. 6 Multiplexing Gates 

6. 7 R F  C i r cu i t ry  

6. 8 P o w e r  Supply 

6. 9 Remote  Switch 

6.10 T r a n s m i t t e r  Subcommutation 

SECTION VII - Del-iloclulator Design 

7 .1  Steady-State Operatio11 

7 .  1.1 Ring Oscil latov 

P a g e  

2 9 

i i i  



7 ,  1, 2 S y ~ l c  l ' i c c o g ~ ~ i t i o n  and (;la11111 I , c ~ . i r c . l  S(.nsc 

7 .  1. 3 S ; L I I I ~ ~ C  - Winc10\vi C-c~nerator 

7 .1 .4  Saillple -and-I-Iold Circuit r y  

7.1. 5 Low-Pas s  F i l t e r s  

7.1. 6 Clamp and Clamp Window 

7.1.  7 Automatic Gain Control  

7.1. 8 AGC Amplifier  

7. 2 Turn-On and Lock-In Operat ion 

7. 3 Improved Demodulator C i r cu i t ry  

7. 3 . 1  Clock Ci rcu i t  Descr ipt ion 

7. 3. 2 De1a.y and Sample  Window Generat ion 
C i r c u i t r . ~  

7. 3.  3Sync Level  Detector  C i r cu i t ry  

7. 3 . 4  Data  Monos table Mult iv ibrator  

7. 3. 5 Shift Reg i s t e r  

7. 3. 6 "And" Gates  Circui t ry  

7. 3. 7 Sample  -Hold Circ~1itr.y 

7 .4  Subcomi~luta ted Channel Demodulator 

SECTION VIII - Sys t em Per for lnance  

8 . 1  Implanted T r a n s m i t t e r  

8. 2 Eight-Channel,  Breadboard  Systelm 

8. 3 I-Iybi-id Intcgl-a,ted Circujt  T r a n s m i t t e r  

8. 4 Subcomn~uta t ing  Breadhoard Sys tem 



S L<CT ION r>: - Tiir?li tation:; ancl Siri:gc.sl i ons  f o r  F ~ t r t J ~ c ~ l -  
De\relopn-icnt 

9. 1 Lilnitaliolls Due to 'Transr~lit t cs  Cj rcui t r  y 

9 .  2 Limitations Due to Receiver and Del-nodulator 

9 .  3 Extensions of the System 

APPENDIX I - Multiple - Channel Plxys iological Telenietr  y 
S.ys te nis 

APPENDIX 11 - A Surve.y of Typical Physiological Signal 
P a r a m e t e r s  and Measurements 

APPENDIX I11 - Transmi t te r  Packaging 

A3.1 Discrete  - Component Transmi t t e r  

A3. 2 P r in t e r  - Circuit  Fabricat ion 

A3. 3 Integrated- Circuit  Fabricat ion 

A3.4 Flatpack Interconnections 

A3. 5 Packaging and Waterproofi~lg a t  the Discrete  
Component Transmi t te r  

A3. 6 Sterilization 

A3. 7 Packaging of Other Transmi t t e r s  

REFERENCES 



Figure 

4.1 

4 . 2  

Title 

Composite PAM wa\icforn~ 

R F  bandwidth, to p rese rve  sidebands above 
one percent ,  versus  deviation rat io  

R F  bandwidth, in units of modulating 
frequency, f versus  deviation ratio 

m ' 

PNP-NPN complementary bistable circui t  

Input impedance multiplication b.y capacitor 
in gated-power -supply operation 

Transzmitter block d iagram 

Ring oscil lator block diagram 

Ring oscil lator stage with re  set-to-off 
input 

Ring oscil lator stage with reset-to-on 
input 

Analog ' '  and" circui t  for  ri.ng oscil lator 

Ring oscil lator dr iver  

Automatic-reset  stage for  ring oscil lator 

Block d iagram of revised ring oscil lator 

Ring os cillator dr iver  

Two ring oscil lator stages 

F i r s t  ring oscil lator stage with automatic 
r e s t a r t  c i rcui t  

T'ransn,itLer oscil lator stage output 

Page 

26 



I > c ~ l c ~ i 1 c . c l  transrmiitcv wa\ t f o u l n s  

Res 1s tance - bricigc channcl 111put an?pl lficv 

Revised resis t ive bridge input amplifier 

E lec t r i ca l  signal cliannel 

F r a n ~ e  sync generator  

Modulator and sync level generator  c ircui t  

Multiplexing gate 

Higher gain inultiplexing gate 

R F  unit 

Remote switch c i rcu i t ry  

Modification of original s t r a in  gauge 
amplifier for subcomniutation 

Subcommutating ring pscil lator dr iver  

Demodulator bloclc d iagram 

Clamp level sense 

Bloclc d iagram of sample and hold circui t ry 

Sample and hold circui t  

Low pass  fi l ter 

Active low pass  fi l ter 

Bloclz d iagram of impl-oved del-nodulator 

12evisecl clock circuit  

AiiclTT gates 

vii 



Demodulator wavefo rn?~  

Block diagram of subcornmutating 
demodulator 

Gas t ro  -intestinal contract i le  - activity of 
a dog 

Discre te  co~nponent  t r ansmi t t e r  

Calibration of e lec t r ica l -  signal cha.nnels 

Telemetered EKG 

Telemetered EEG 

Calibration method for  s t r a in  gauge 
t ransducers  

Calibration of s t r a in  gauge channel 

Scope t r aces  of overlap t ime variati0.n 

Four  channel I. C. t r ansmi t t e r  using 
original c i rcu i t ry  

Four  channel I. C. t rans.mit ter  using 
revised c i rcu i t ry  



Title P a g  c 

3.1 R F  bandwidth and signal-to-noise rat io  
requi re l i~ents  for  different modulation 
techniques 

4.1 Design outline for  two percent  accuracy 
PAM-FM 2 5 

8.1 Measured charac ter i s t ics  of e lec t r ica l -  
signal channels 111 

Al. 1 Multiple -channel, physiological, t e lemetry  
s ys terns 126 

A2.1 Character is t ics  of physiological signals 129 



The pu rpose  of th is  p ro jec t  i s  to study ancl apply advanced 

e lect ronic  technology to t he  des ign and development of a n  in tegra ted  

c i rcu i t ,  mu l t i -  channel t e l e m e t r y  sy s t em fo r  b io-medical  applicat ions.  

Th is  sy s t em should be implantable  and be capable  of t e lemete r ing  a 

wide r ange  of physiological  s ignals .  T h e  sy s t em should be f lexible,  

allowing speci f ic  t e lemete r ing  r equ i r emen t s  to  be  m e t  within the 

s y s t e m  design frarneworlc. The  c i r c u i t r y  should be modula r ized  to  

f o r m  building bloclcs f r o m  which a va r i e t y  of s y s t e m s  can  read i ly  be  

f o r m e d .  

A t i m e  divis ion mul t ip lex sy s t em w a s  chosen  f o r  develop.ment 

because  the  t r a n s m i t t e r  c i r c u i t r y  r equ i r ed  f o r  th i s  type  of sy s t em i s  

compat ib le  wi th  both hybr id  and monol i th ic  i n t eg ra t ed  c i r cu i t  technol-  

ogy. Also,  th i s  type of s y s t e m  allows the  poss ibi l i ty  of reducing power  

d r a in  by gating the  power to s o m e  c i r cu i t r y  s o  tha t  it i s  oilly on when 

it i s  r equ i r ed  f o r  the  opera t ion  of the  t r a i ~ s m i t t e r .  A one  hundred 

pe r cen t  (1 0070) duty cyc le  pu l se  ampl i tude modul-ation mul t ip lex s y s  - 

t e m  w a s  chosen  because  of c i rcu i t  s impl ic i ty  along with adequate 

signal  r e cove ry  accu racy .  

A PAM - FM (pulse  a ~ n p l i t u d e  moclulation-f requency modula -  

tion) s c h e m e  of modulat ion was  chosen l o r  in i t ia l  dcvelopm <:nt of thc  

systcrn s ince  F M  receiving equipment with sufficient R F  I~anclwicltl~ 



f o r  this  type o f  rni)clul;i'lion is r r a c i i l y  a-\ ail,il~ic., , \ n c I  tlic.rc,forc: t11c. t i c . -  

s ign of a receiving systcin would not be n e c e s s a r y  at th i s  t ime .  

A d i s c r  c te  component,  s ingle  channel  F M  - F M  t r ans in i t t e r  

w a s  cons t ruc ted  and implanted i n  a clog to t e s t  the  R F  sect ion of t h e  

t r an s in i t t c r  f o r  the  p roposed  systerm. Also,  evaluation of wa t e r  proof - 

ing and packaging w a s  m a d e  to  de t e rmine  the  extent  of the in te rac t ion  

between the  dog and the  e l e c t ron i c s  of the  t r a n s m i t t e r .  

A t r a n s m i t t e r  with fou r  s t r a i n  gauge channels  w a s  cons t ruc ted  

using d i s c r e t e  m i c r o m i n i a t u r e  coinponents.  Th i s  t r a n s m i t t e r  w a s  

implan ted  i n  a dog to evaluate  the  re l i ab i l i ty  and accu racy  of the d e -  

veloped sy s t em.  

I n  pa r a l l e l  with the effor t  on t he  t r a n s m i t t e r  w a s  the  develop- 

m e n t  of a demodulator  f o r  the  sy s t em.  The  dernoctulator, a s  develop- 

ed,  i s  compatibl  e  with a s y s t e m  of up to eight (8) informat ion channels .  

Expansion of the  demodulator  to  accommodate  Lnore channels  call h e  

read i ly  accomplished.  Some complexi ty  w a s  allowed i n  the  .demodu- 

l a t o r  c i r c u i t r y  to allow the  u s e  of s i m p l e r  c i r cu i t r y  i n  the  t r a n s m i t t e r .  

I-Iowever, a l l  of the  c i r cu i t r y  w a s  kept  a s  s imp le  and a s  autoi-natic a s  

poss ib le  to  eliniinat e  the  need f o r  a t r a i ned  e lec t ron ics  technic ian t o  

o p e r a t e  the s y s t c l i ~ .  

The  t i - ansmj t t e r  c i r cu i t r y  w a s  reduced to moclulcs, each of 

which i t  was  possi1,lc to bujld i n  a n~ullilcacl flat pack usjng hybricl 

intc'g ~';ateci c i rcui t  t cchnology. A four  c11;tnlic~l t r ans l l -~ i t t c r  using flat 



paclz ci1.c u i l r y  ~ v l l i c i ~  w a s  c~ssc~nl i ,x l ly  Ihc  sai i~c.  ,is I l l a t  i ~ s i l c i  j11 t h i ~  t i i s -  

c r e t e  component t r a n s m i t t e r  w a s  built and tes ted .  

Modificat ion of s o m e  of the  t r a n s m i t t e r  c i r cu i t r y  allowed mo r e  

of the p rev ious ly  defined  nodules to  be  placed i n  each f la t  pack r e s u l t -  

ing i n  a n  ove ra l l  reduct ion i n  volume.  Also,  a  reductioil i n  t h e  power  

d r a i n  of the  t r a n s m i t t e r  r e su l t ed  f r o m  the se  modif ica t ions .  A fou r  

channel  t r a n s m i t t e r  using the  new c i r cu i t r y  w a s  built and t es ted .  

C i r c u i t r y  was  b readboarded  to  allow the  t e l e ~ n e t e r i n g  of EEG 

and EKG signal  informat ion.  An EKG s ignal  obtained f r o m  s u r f a c e  

e l ec t rodes  on a human,  and a n  EEG signal  f r o m  e lec t rodes  implan ted  

in  t he  b r a in  of a c a t  w e r e  success fu l ly  t e l eme te r cd  using the  b r ead -  

boarded  t r a n s m i t t e r .  T h e  c i r c u i t r y  f o r  the  EKG and E E G  s igna l s  

h a s  not  a s  ye t  been put i n  f l a t  pack f o r m .  

A por t ion of the  deinodulator w a s  redesigned using c o m m e r -  

c ia l ly  ava i l ab le  MOS in tegra ted  c i r cu i t r y .  T h e  new c i r c u i t r y  a l lows 

f o r  s h o r t e r  sampl ing per iods  than  w e r e  p rev ious ly  pos s ib l e ,  and wi l l  

t h e r e f o r e  a l 1 . o ~  o ther  r  equir  efnents  on  the  t r a n s m i t t e r  and r e c  e ive r  

por t ion  of the  sy s t em to be re laxed.  



SECTION J I  

DESIGN CONSIDERATIONS 

Physiological  s tud ies  of ten  r equ i r  e  s imul taneous  moni tor ing 

of s e v e r a l  va r i ab l e s .  A w i r e l e s s  measurelment i s  impe ra t i ve  i n  many  

i n s t ances  to  e l in i inate  the  psychological  a r t i f a c t  p r e s e n t  i n  the  behav- 

i o r  of a sub jec t  h a r d - w i r e d  to  moni tor ing and record ing  equipment.  

In chronic  s tud ies  a n  implanted t r a n s m i t t e r  is espec ia l ly  de s i r ab l e .  

Th i s  o f f e r s  f r e e d o m  f r o m  infect ion f r o m  l e s ions  i n  the  skin  f o r  s e n s o r  

l e a d s  a s  wel l  a s  e l iminat ion of psychological  a r t i f ac t .  

Appendix I g ives  a su rvey  of s o m e  ava i lab le  mul t i -channel  

physiological  t e l e m e t r y  s y s t e m s .  These  des igns  a r e  not  appl icable  

to a gene ra l -pu rpo  s e, wide-bandwidth, implan tab le  physiological  t e l e -  

m e t r y  sy s t em.  They  a r e  l im i t ed  by cons idera t ions  of phys ica l  s i ze ,  

power  supply l i f e t imes ,  and bandwidth. 

The  s igna l  handling capabi l i t ies  m u s t  be  ve r s a t i l e ,  allowing 

f o r  d i f ferent  n u m b e r s  of channels  and di f ferent  bandwidth c h a r a c t e r -  

i s t i c s ,  a s  r equ i r ed  by a pa r t i cu l a r  systelm applicat ion.  Opt imizat ion 

f o r  a given s e t  of s igna l s  m u s t  be poss ible .  

The  t r a n s m i t t e r  unit i s  to be min i a tu r i z ed  and physiologically 

i n e r t  so that  i t  c a n  be  implantccl i n  a s n ~ a l l  an imal ,  such a s  a dog or 

possibly  a mol2Iiey. T h c  colistruction of the  t r a n s m i t t e r  shall allow 

for the  faI3~.ic;~tio1? of 1,irl;c rluantiii c s  of uni t  s .  This  i11ip14 c.s Ihc. 

4 



not v a r y  fro111 onc t r a n s m i t t e r  pact iagc to ano ther .  

The  c i r c u i t r y  of the  t r a n s m i t t e r  tnust  bc s imp le  and non- 

c r i t i c a l  because  of the  re l iabi l j ty  r ecluiuecl by the  i naccc s s ib l e  l oca -  

t ion of th i s  unit i n  operat ion.  

The  completed sy s t em m u s t  be  c l in ical ly  useful .  The  s y s t e m  

m u s t  be  eas i ly  ope ra t ed  and yie ld  dependable r e s u l t s .  The  o p e r a -  

t ion of the  sy s t em should r e q u i r e  nothing m o r e  than  the  turning o n  

and off of the  t r a n s m i t t e r  and r e c e i v e r  uni ts  and  record ing  t he  output 

of the sy s t em wit11 t he  p r o p e r  equipment.  

Since ba t t e r i e s  wi l l  be  used f o r  power ,  t he  c i r c u i t r y  should 

r e q u i r e  a m i n i m u m  of power  f ro tn  its power  s o u r c e  and s t i l l  m a i n -  

t a i n  r e l i ab l e  operat ion.  Even  i f  r e cha rgeab l e  ba t t e r i e s  a r e  used ,  i t  

i s  de s i r ab l e  t o  r e c h a r g e  a s  infrequent ly  a s  poss ible .  

The  R F  link f o r  the  s y s t e m  m u s t  be  capab le  of t r ansmi t t ing  

t h e  s ignal  f r o m  the  imp lan t  to t he  ex te rna l  moni to r ing  sy s t em.  The  

no i se  l eve l  of the  e n t i r e  link including t r a n s m i t t e r ,  r e ce ive r  and 

demodulator  should be  cornparable  with that  of a h a r d - w i r e  sy s t em.  

An R F  t r a n s m i s s i o n  link range  of 10 to 20 fee t  should be 

adequate  f o r  the  sy s t em.  Most  i-nonitoring applicat ions wil l  p e r m i t  

c l o se  pi.oximitgr of the  slrbjcct and a receiving a n t e ~ ~ n a ,  usually i n  

a n  o p e n a r e a  o r  open 



Sip,nctl -proc(~s:,Etig ;ii1(1 f ( % I (  nzct ( \ r i i ~ p  i s  t l i v  pri117;;1')r 11111( ti011 of 

the  syst(-ln. T ~ Z C  design nlus i  have tllc capaci iy  to t e l r ~ m e t e r  illc d c x -  

s i r e d  pllysiological s ignals .  Appenclis I1 givcs  a d i scuss ion  and tab-  

u la t ion of physiological  s igna l s  which have  11een te le tne te red  i n  

v a r i o u s  s tudies .  Th i s  study shows that  s igna l s  f r o m  essen t ia l ly  

DC up to 500 I-Iz a r e  c l in ical ly  moni to red .  EMG s igna l s  have 

5 
f requency  components up to  10 Hz, but c l in ical  monitoring only 

m a k e s  u s e  of those  up to 500 Hz. Bandwidths to about 3 kHz a r e  

so.metiznes de s i r ab l e  f o r  EMG studies .  An accu racy  of one p e r -  

cent  (1%) of ful l  s c a l e  i s  adequate  f o r  .most  s tudies .  

Eigli t-channel  r e c o r d e r s  a r e  s t anda rd  f o r  h a r d - w i r e  m o n i -  

to r ing  s y s t e m s .  A to ta l  infornla t ion bandwidth of 20 kHz would 

al low -2. 5 'kHz r e sponse  f o r  each of eight  channels.  F e w e r  chan-  

ne l s  could  have  a wider  bandwidth f o r  each,  with a to ta l  adding up 

to  20 kHz. Thi s  to ta l  bandwidth poss ibi l i ty  i s  the  goal  f o r  the  s y s -  

t e m  des ign  f r amework .  

Some dis t inct  advantages  a r e  o i fered,  i n  the  c i r cu i t  des ign,  

by t he  implan t  environment.  The  t r a n s m i t t e r  i s  complete ly  enc los -  

ed  i n  a conductive medi~um.  Th i s  p rov ides  v e r y  good shielding 

p r o p e r t i e s .  I n t e r f e r ence  f r o m  ex te rna l  s o u r c e s  i s  i so la ted  f r o m  

the  c i r c u i t r y  within thc  ilmplantcd unit. 

The  i lxplani  eu .vi rol i rne~~l  i s  a l so  v e r y  c loscly  t c i l zpc~a tuuc  

0 
reg~zlatcci.  Tilt, Irans~l1it tc .r  will s c c  l e s s  tll~iil 5 C lempc~r.atul-c. 



t e s t s  to iinplalitcd o p c r a t i o l ~ .  Tllc trnl isl i l i l ter  unit m u s t  niaintain 

operat ing c h a r a c t e r i s t i c s  constant  f o r  a maximun2 t e m p e r a t u r e  

0 
change of 20 C. T h i s  al lows i i ~ u c h  f r eedom i n  the  c i r cu i t  design.  

In tegra ted-c i rcu i t  const ruct ion techniques  a r e  r equ i r ed  by 

cons idera t ions  of s i z e ,  e a s e  of fabr ica t ion,  and repea tab le  p e r f o r m -  

ance  f r o m  unit to  unit.  In th i s  technique, functional  units  of c i r -  

cu i t ry  a r e  f ab r i c a t ed  i n  individual s ea l ed  packages .  T h e s e  uni ts  

a r e  t e s t ed  functionally and accepted o r  r e j e c t ed  a s  a whole unit. 

T h e s e  units  a r e  then  building bloclcs used  i n  const ruct ing the  l a r g e r  

s y s t e m .  Const ruct ing a comple te  t r a n s m i t t e r  then enta i ls  se lect ing 

and in terconnect ing the  p r o p e r  complement of p r e - t e s t e d  units .  Th i s  

p rocedu re  yie lds  completed uni ts  with s i m i l a r  c h a r a c t e r i s t i c s .  

Ini t ial  evaluation of t he  c i r cu i t r y  should be  done using hybr id  

in tegra ted  c i r cu i t  const ruct ion.  However,  the  c i r cu i t r y  shal l  be  

such  a s  to  allow l a t e r  f abr ica t ion  i n  monol i th ic  in tegra ted  c i r cu i t  

f o r m .  Hybrid  in tegra ted  c i rcu i t  cons t ruc t ion  u s e s  chips  (a l so  ca l l ed  

d ice  o r  pe l l e t s )  containing individual  components.  T h e  chips  a r e  

bonded to  pa t t e rn s  on  c e r a m i c  subs t r a t e s .  Interconnecting wir ing 

is done with . 001 inch d i ame te r  a luminwn o r  gold w i r e .  The  c o m -  

ple ted c i rcu i t  i s  s ea l ed  i n  a mu l t i - l e ad  package.  Th i s  procedure i s  

d i s cus sed  and c x ; m p l c s  sliowli in Appendix III. 
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technique. Induct ances a r e  not available. Capacitors,  up to about 

500 pi ,  a r e  available i n  chip form.  Resis tances a r e  available up to 

50 ki2 per  chip. A wide selection of t r ans i s to r s  i s  available. Act- 

ive devices a r e  cheaper and m o r e  plentiful than pass ive  devices. As 

a consequence of these limitations, c i rcui t  designs should incorpor - 

a te  l a r g e  numbers  of t rans is tors ,  some low-value r e s i s to r s ,  very 

few capaci tors ,  and no inductors.  

The tolerances of these chip components a r e  quite wide. 

Specific values can be selected p r io r  to fabrication, but their  char -  

ac ter i s t ics  a r e  affected i r r eve r s ib ly  by the tempera tures  involved 

in  bonding. These  changes a r e  not predictable o r  repeatable quanti- 

tatively. The only parameter  which remains  quite s table  i s  r e s i s t -  

ance rat ios  i n  a single chip. These a r e  determined by geometry and 

not affected by therrnally-induced changes in diffusions, etc. Thus,  

c i rcu i t  performances should be independent of components' pa ra -  

m e t e r s  other than res i s tance  ratios.  

The receiving system mus t  be colmpletely automatic in  opera-  

tion i n  o rde r  to be clinically useful. Standard c i rcu i t ry  may  be used. 

Coinplexj ty i s  allowed i n  the receiving system. Sophistication i s  to 

be used  11ere to acld relictbiljty to  tlzc overall  t c l e ~ n c t r y  systc.~~?. 



SEC'TION IJI 

TRRNSMT'TTER JJFSIGN P A R A M Z T E R S  

The t r ans l~ i i t t e r  design involves the selection of methods of 

multiplexing, of R F  t ransmissions,  and of supplying power to the 

c i rcu i t ry  of the iniplanted unit. These  designs mus t  be mutually 

con~pat ib le  and meet ,  the require.ments se t  for th i n  Section 11. 

3. 1 Multiplexing format  

The n~ult iplexing format  clzosen m u s t  accommodate the in-  

formation bandwidth required and be instrumented ' in  a s ize  compat- 

ible  with being implanted. It m u s t  be flexible, allowing freedom in 

n u n ~ b e r s  of channels, and capa.ble of being optimized for  a par t icular  

application. The  circui t ry necessary  to instrument  the format  mus t  

be simple,  use  a minimuni of components, and draw a minimum of 

power. The signal-handling capabilities, f rom Section 11, a re :  

a )  halidle up to eight information channels 

b) handle a total  information bandwidth of 20 kHz 

c) provide accuracies  of one percent (1%) of full scale  

Multiplexing i s  accolnplished by frequency- division o r  by t ime - 

division. Frequency-division multiplexing uses  subca r r i e r  osci l la tors  

of frequencies up to about 200 kHz.  Tlle modulation ~ l~e thocis  f o r  the 

subcal-r iers  a r e :  



a) A - ~ ~ i ~ r p l i t u c l i ~  iriocltil ;it ion 

h)  FM - frccluency nzodulation 

Tinze division 1-nult ipl~sing involves scunpling the i idormat ion chan-  

ne l s  and routing the  sample  pu l s e s  i n  sequence through the  corninon 

comlnunications liu~lc. The pu lses  a r e  modulated by the  i n f o r n ~ a t i o n  

i n  the  following f o r m s :  

a)  PAM - pulse -  a ~ n p l i t u d e  lnodulation 

b) PDM - pulse  -duuation modulation 

c)  P P M  - pulse-po s i t ion modulation 

d) PCM - pulse -code  modulat ion 

A mult ip lexed signal  f r o m  one of t he se  methods i s  u sed  to modulate  

t he  amplitude,  phase ,  o r  f requency of a n  R F  c a r r i e r .  Th i s  g ives ,  

f o r  exal-nple, an  F M f F M  t e l e n ~ e t r y  sy s t em with f requency-modulated 

c a r r i e r  and s u b c a r r i e r s .  

3. 1. 1 Cornpolzent and fabr icat ion l imi ta t ions  

F requency  division mul t ip lexed s y s t e m s  employ a low-f re -  

quency osc i l l a to r  i n  each channel. T h e s e  o sc i l l a t o r s  r e q u i r e  the 

u s e  of bulky colnponents -capac i to r  s and some t imes  inductors .  T h e s e  

o sc i l l a t o r s  r e q u i r e  power continuously. In tirile djvision lnul t ip lesed 

s y s t e m s  power  i s  manda tory  only fo r  tIzc c i r cu i t ry  pertaining to the  

channel being sarnplecl at any giveil ins tant  o r  t i n ~ c  per iod.  C i r cu i t ry  

which i s  not processing information a t  a given ins tant  nlay be t u r~ i c t l  

o f f ,  i f  clcsig~zc:cl f o r  tllis m o d ( ,  oi opcrat jolr .  
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m u s t  ha-ve c lose  t o l e r ances  on the i r  center  fl-eciuel~cics, i f  they a r e  

not to i n t e r f e r e  with each o ther .  Th is  r e q u i r e s  ca r e fu l  adjustrncnt 

of each osc i l l a to r .  Also, each  channel t akes  a di f ferent  frecluency 

osc i l l a to r .  In t ime-divis ion nlultiplexed sys te lns  s i m i l a r  c i r cu i t s  

a r e  used f r o m  channel to channel. 

T h e s e  considerat ions  recommend t ime-divis ion ove r  f requen-  

cy-division i n  a min ia tu r ized  t r ansmi t t e r .  T h r e e  ba s i c  ca tegor ies  

of t ime-divis ion-mult ip lexed sys ten l s  a r e  used.  All s amp le  s ignals  

obtaining pu l s e s  whose ampli tudes  a r e  re la ted to the  analog input. 

In  PAM the  sa inples  a r e  t ransmi t ted ,  without convers ion,  over  

the  R F  link. Higher accu rac i e s  a r e  obtained by convert ing pulse  

ampli tudes  into t i m e s  a s  pu l se  durat ions  (PDM), pu l s e  posit ions 

(PPM), o r  pulse  r a t e s  (PRM). Highest  a ccu rac i e s  a r e  obtained by 

convert ing ampli tudes  to digital ly coded f o r m s  (PCM). 

PAM i s  t he  s imp le s t ,  requir ing the  l e a s t  c i r cu i t ry .  The 

o ther  methods r e q u i r e  the  s a l ~ l e  c i r cu i t ry  a s  PAM plus  additional 

c i r cu i t ry  f o r  convers ion of pu l se  ampli tudes  to  o the r  codes .  PCM 

r e q u i r e s  v e r y  e labora te  and p o w e r - c o n s u ~ ~ ~ i . n g  c i r cu i t ry .  Conversion 

c i r cu i t ry  f o r  PDM i s  not a s  e laborate  a s  fo r  PCM,  but i s  s t i l l  too 

extensive  and power  c011s~l11~jlig fo r  an inlplantahlc t r a n s m i t t e r  cle- 

sign.  Tlierefosc,  PAM appea r s  thc I ~ c s t  lmodu la t i o~~  f o r  t11e t i lne-  

c l i v i s i o ~ ~  rmullipl esct i  systc.i~l judged b y  powc,r rcqui-cclnrnt s, c o ~ ~ ~ p o n e n t  
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3. 1.  L Bandwiclth ancl Accurac ies  

A theoret ical  study h a s  been repor ted  which evaluates 

PAM/FM,  P C M / F M ,  PDM/FM,  and F M / F M  f o r  sy s t ems  with 

1  
varying deg ree s  of a ccu racy  . F o r  accu rac i e s  of two percen t  (2%)  

of full  s ca l e  i n  the  signal  channels,  P A M I F M  i s  the  best .  Accu r -  

a c i e s  of 0. 5 percen t  and be t te r  r equ i r e  PCM. P A M / F M ,  with 100 

percen t  duty cycle  pu lses ,  r e q u i r e s  the  l e a s t  video bandwidth and 

t r ansmi t t ed  R F  power.  Detai-1s of th is  study a r e  d i scussed  i n  

Section IV. 

Minimum bandwidth f o r  a  gi-ven task  i s  impor tan t  i n  a wide 

bandwid-th sy s t em.  L a r g e r  R F  bandwidths r e q u i r e  m o r e  t r a n s m i t -  

ted power  and specia l  receiving equipment. 

Seve ra l  modulation methods ,  f o r  s y s t e m s  telernetering the  

s a m e  informat ion,  have been compared  on the  ba s i s  of R F  band- 

2 
width and s igna l - t o -no i se  a t  the  r ece ive r  input . Table  3. 1  gives  

t.he r e s u l t s  quoted. 

3. 1. 3 Multiplexing fo rma t  se lect ion 

PAM was chosen,  on the  bas i s  of the  r e su l t s  of the two p r e -  

ceding sections, f o r  the mul t ip les ing n3ethotl to b c  used i n  the t r a n s -  

m i t t e r .  A11 the  considcral jons  invcstigatcd indicate P A M  l ~ c s t .  
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R F  band-vvidth and Iransmittcd p o w e r ,  allci offers thc g r c a i v s t  east, 

of Iabrication. 

3.  2 The R F  t ransmission linlc 

The choice of PAM places some requirelments on the R F  

link. One of the most  important i s  l inearity.  Analog inforrnatj.on 

is present  i n  each section of the t e l e i i~e t ry  channel and nonlinear - 

i i i es  i n  any section will add into the overall  t ransfer  function for  

the channel. Since one-percent accuracy i s  required, the R F  link 

m u s t  possess  l inearity better than one percent .  

Gain stability and DC-level stability mus t  be possessed by 

the co~mplete colmmunications link. * Gain stability i s  necessary  to 

maintain calibration accuracies .  DC .-level stability i s  necessary  to 

maintain frequency response to DC. These  requirements  could be 

pl-aced on the R F  link but would be difficult to instrument .  They 

can be m e t  by including information in the composite PAM wave- 

fo rm for the demultiplexing unit to in te rpre t  and utilize to r e inse r t  

DC levels  and standardize gain. 

The RF linl< m u s t  mee t  the follosving requirements,  based 

on the preceding discussioil a i d  on the discussions in Section II. 

a) lincavity bcttcr than one percent ,  

\I) case  of l a b r i c a t i o ~ ~  i n  rn in ia t i l~e  form, 



c ) su f f j  c ienl  po\\  c,r oiltpirt l o r  "il.c1sl33is ~ i011  o \ - ~ r  ;t 

d ls lancc of 20 feet  ro gl\ i1 a 40 011~ s l g n c ~ i - t o  noiscx 
ra t io  a t  the output of the rect - iver .  

d) acco112n?ociate video bancl\~idth sufficient to t e l eme te r  
a PAh4  waveform with a 20 1zIlz total  informat ion 
bandwidth fo r  the  signal  channels.  

T h e r e  a r e  t h r e e  modulation methods  fo r  the R F  link which 

offer  excellent  l inear i ty ,  u s e  s imple  c i r cu i t ry ,  and can  be fabr ica ted  

i n  a f o r m  compatible with an  implanted unit.  T h e s e  a r e  f requency-  

modulation (FM), double- sideband amplitude modulat ion (DSB -AM) 

with a suppressed  c a r r i e r ,  and ord inary  amplitude modulation (AM). 

DSB-AM requ i r e s  two R F  coi ls  while FM and AM r e q u i r e  only 

one.  Otherwise ,  t he  components  and volumes requ i red  a r e  s i m i l a r  

3 
A theore t ica l  study h a s  been made  of modulation methods  

applicable to a wide bandwidth physiological  t e l eme t ry  sy s t em.  Th i s  

study r e p o r t s  that  DSB AM with a supp re s sed  c a r r i e r ,  a s  obtained 

f r o m  a balanced modulator ,  i s  the  optimum method. I t  offers :  

a)  Be t te r  no i se  and bandwidth poss ibi l i t ies  than FM 

b) Lower  power  r equ i r emen t s  

c )  Can  be c rys ta l -con t ro l led  

FM obtains no ise  i.n?provement over  AM by using an  R F  

bandwidth much  wider  than the  i n f o r n ~ a t i o n  bandwidtln. A s  in forma-  

tion bandwidth i n c r e a s e s  and R F  band\vidth r e m a i n s  constant ,  th is  

noise  advantage becomes l o s t .  This o c c u r s  a s  f requency r e s p o ~ l s t s  

of thc  comrnunica t jons  l ink,  callcd video bantl\r~jdths, o f  2 0 0  ltHz or 
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any noise a t  the output appearing in only onc sideband. 

DSB AM, with suppressed c a r r i e r ,  t ranslni ts  power in  the 

in fo r r~~a t ion -bea r ing  sidebands only. This requi res  only one third 

of the poxver of conventional AM. Crystal-control  of the c a r r i e r  

frequency i s  a lso possible wit11 DSB AM. This i s  desirable  i n  a 

sys tem used by non-engineering personnel., Suitable c rys t a l s  a r e  

cur rent ly  being packaged sinall  enough for  an implanted t r ansmi t t e r .  

The  c rys t a l  package would occupy a volwne equal to the remainder  

of the R F  stage. 

The c i rcu i t ry  for  DSB AM, however, i s  ve ry  cr i t ical ,  since 

i t  r equ i re s  m o r e  than one R F  coil, and, i n  o r d e r  to obtain the power 

advantage over ordinary AM, i t  requi res  balancing in  the R F  circui t -  

ry.  The cr i t ica l  nature of this  c i rcu i t ry  and the difficulties involved 

i n  fabrication to obtain proper  operation led to the choice of FM a s  

the type of R F  link. 

Some work was done wit11 ordinary AM, but problems were  

encountered h e r e  with c rys t a l  activity. At the low power levels which 

w e r e  desired,  operation and adjustment were  ve ry  difficult without 

the use  of rnultiple coil R F  configurations. 

FM circui t ry i s  relatively simple and proven to bc reliable,  

so this  was the natural  clzoict: for  the d e ~ ~ l o p ~ n e n t  ol: the systern. 



T A B L E  3 . 1  

R F  BANDWIDTH AND SIGNAL-TO-NOISE RATIO 
R E Q U I R E M E N T S  FOR D I F F E R E N T  MODULATION 

TECHNIQUES 

Modu la t ion  M e t h o d  R F  Bandwidth ,  kHz SNR R e q u i r e d ,  dB 



SECTION 1V 

OVERALL SYSTEhT. DESIGN PARAMEiTERS 

Several parameters  must be deterli~ined in  finalizing a PAM- 

F M  system for  a particular application. These a r e  chosen to sa t -  

isf y the requirements of bandwidths and accuracies of the severa l  

information channels. These parameters  are:  

a) Sampling ratio 

b) Duty cycle of sample pulses 

c) Channel, sync, and AGC pulse levels 

cl) Video bandwidth 

e) RF  ca r r i e r  bandwidth 

f )  Peak R F  ca r r i e r  deviation and rrlodulation index 

g) Fi l te rs  and bandwidth limits 

4 
A sys tem design has been reported for a PAM-FM teleme- 

t r y  s ystem with a 2% accuracy. The design is  outlined in Table 

4.1. Theoretical results were compared with those obtained f rom 

an experimental system. This design provides guidelines for s e -  

lection of p a r a n ~ e t e r s  in the system design f rame~vork being de- 

veloped b y  this project. 

4.1. 

Sampling ratio is  the sclatj onship between the samplil~g 
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e r n ~ t e r e d  b y  t l ~ t :  channcl, 'I'hc I t  salrlpling t l~c\orc.~n" , in ils siiil1;rlcst 

form,  s ta tes  that {he sampling frequency must  be a t  l eas t  twice thc 

highcst frequency in the waveform being san-lpled fo r  the waveforln 

5 
to be recoiistructed in i t s  original fo rm 

Frequency components present ,  higher than one -half the 

samplj.ng frequency, a r e  folded about the sampling frequency and its 

harmonics ,  appearing below one-half the sal-npling frequency as  

e r r o r s .  Noise in  the con~municat ions link between sampling and 

desampling gates also appears  in  the channel output as  e r r o r s .  

This e r r o r  generation i s  l aown  a s  aliasing. 

Sampling e r r o r s ,  including aliasing, a r e  a function of fil- 

ter ing before sampling, s an~p l ing  ratio,  and fi l tering af te r  desam-  

pling ( interpolation). E r r o r s  under one percent requi re  a n ~ i n i m u m  

sampling rat io  of four with a f i l te r  before sampling of a t  l eas t  36 

dB per  octave rolloff. Interpolation fi l tering of 36dB p e r  octave, 

6 
with a bandwidth of 1. 5 t imes  the presampling f i l ter ,  i s  required . 

4 . 2  

The duty cycle of a sample pulse i s  the rat io  of the length 

of the pulse t 3  thc length of the t ime pcriod for  that channcl. A 50 

percent duty cycle i s  generally used, This gjves sarnplc and zero 

level  pulscs of equal Ici~gth lor c a c l ~  cliannel, 
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tions link o r  video bal~drnidth than any other duty cyc l c .  R 50 p e r -  

cent duty cycle requi res  twice the bandwidth of that of 100 percent. 

Other duty-cycles require  s t i l l  g rea te r  bandwidths, 

There  a r e  synchronization problems with a format  using a 

duty cycle of 100 percent.  Synchronization on each  channel-change 

t ime is  possible by differentiating and full-wave rectifying the PAM 

signal. Additional c i rcui t ry i s  necessary  to accomll~odate the case 

where two adjacent channelsf pulses have equal amplitudes and no 

switching t rans ien t  occurs .  In sys tems with a small  number of 

channels, i t  i s  possible to synchronize each f r ame  and use  a sufs- 

ficiently s m a l l  desalnpling aper ture  that no e r r o r  occurs .  This 

synchronization method has proved adequate for  a sys tem with eight 

information channels and is the one chosen for  the demodulator s ys - 

tern. 

4 . 3  

Sync and AGC pulses a r e  included in  the colnposite PAM 

waveform in addition to those f rom the signal channels. The sync 

pulse i s  recognizecl by the den~odulating unit and used to synchronize 

the devrlultiplcxi~~g sanlpler with the ~liultiplexing sarrlpler in the 

t r a n s l ~ ~ i t t e r ,  This pulse is made unique in the PAM \slave t ra in  by 

sett jng i ts  a n l p l i t ~ ~ d c  I ~ i g h e r  than a n y  cllannclBs pul sc. T\vc\nt y perc c n t  
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The AGC pulse m a y  be any fixed 1evc.l in the colrzposite 13Ahf. 

A zero-amplitude value was c l~osen  a s  this can be gcncratcd without 

tile use  of additiollal c i rcui t ry.  Absence of multiplexing-gate output 

during one t ime s lot  gives a zero-level  output. 

4 .4 Video Bandwidth 

Finite video bandwidths give c ross ta lk  between channels. 

The level  of acceptable c ross ta lk  ( interfer ing signal i n  the output 

of one channel due to signals in other channels) d-etcrmines the 

video bandwidth o r  frequency response for  the system. Figure 4.1 

gives a portion of a composite PAM waveform with a 100 percent 

duty c.ycle, along with a na r row desampling aper ture .  The rounded 

sides of the pulses a r e  the resu l t  of a l imited video bandwidth. 

Crosstalk occurs  between adjacent channels when the transient,  due 

to the switching between channels, does not completely die ,out be - 

fore  desampling occurs .  

Assuming a t ransient  response governed by a single time 

constant, a crosstallc of 0 .  5 percent requires  a t ransient  decay of 

-t IT 
5 .3  t ime-constants.  ( c  = . 005 for  t / 7  = 5. 3, where t=tilne and 

r =t ime  constant). The rise ti1i.e 
T~ 

i s  relstccl to t11c tiir,e con- 

s tant  b y  

TR = 2. 27 



and the video bandwidth, B , is related to the r ise  time by 
v 

7 
This result i s  a good approximation for higher order s,ystems also 

For  a sample window aperture, beginning at  50 percent of the sample 

period, the transient due to switching must have deca.yed to l ess  than 

0.5 percent in one-half of the sample period. This requires a r i se -  

time of one -fifth of the sample period. Relating the required video 

bandwidth, B to the sample period, T gives 
v a  s ' 

This requirement could be lowered by desampling later  in the pulse 

period. The value in Equation (4.  3 )  will be taken as  a lower bound. 

Any wider bandwidths will result in better crosstalk rejection. 

The low frequency response must also be considered. The 

time constants governing this must be long enough that none of the 

DC level i s  lost  during the frame (One frame consists of a s e t  of 

sample pulses, one f rom each channel plus a s,ync pulse and an AGC 

pulse).  If this condition i s  not met, low frequency crosstalk occurs, 

Fo r  a crosstalk under 0,5 percent, the low-frequency time constant 

must be 200 times the length of the frame, 
T~ 

Assuming that a 

single time constant governs this response requires a low frequency 

cutoff, fl 2 of 



4. 5 RF-Car r i e r  Bandwidth 

The choice of R F - c a r r i e r  bandwidth i s  dependent on avail-  

able receiving equipment. Noise considerations require  the use  of 

the sma l l e s t  bandwidth a s  noise voltage is proportional to the square  

root of the bandwidth. 

Standard FM-s  te reo  tuners  have video bandwidth of about 

55 kIlz with IF amplifier bandwidths of about 200 kHz. Te lemet ry  

r ece ive r s  have a wide range of bandwidths available. The rece iver  

used  in  the developnient of this sys tem was an  Ast ro  Comrnunica- 

tions Laborator ies  model TR-104. This rece iver  offers plug-in 

I F  s t r ip s  with bandwidths f r o m  10 kHz to 3000 kHz. F o r  FM, the 

500 IcHz I F  s t r i p  offers 150 kHz video bandwidth and the 1000 kHz 

I F  unit about 400 kHz video bandwidth. 

The choice of R F  bandwidth depends on the video band- 

width requirements of the PAM waveform and on the deviation 

ratio desired. Good noise-perfornla~zce requires  high values of 

deviation ratio and the effjcien't use  of Isandwidth requires  low 

values.  Tliereforc., the choice of RF Isand~vi.clth i s  a comprornjse 

including considerations of available r e  cciving cquiprneut, desirccl 

deviation ratio anti ricieo i,ancl\vicltlr, and RF- l ink  110j SC' c.unsiclc~ra-. 



.lions, This choice must  1,c made sj~~lultaneo~~sl y .cvitll t l i c  sc%lcction 

of cievialion rat io  for  a prec1c:lcrnlinc~d video I~allclwitltl~. 

4. 6 Peak R F - C a r r i e r  Deviation and Deviation Ratio --- 

The amplitude of the f r e q u e n c . ~  deviation of the c a r r i e r  i s  

the peak carrier-deviation, 
f~ 

. This is related to the inaximnum 

video -bandwidth f r equenc .~ ,  f , modulating the c a r r i e r ,  by the 
m 

deviation ratio,  D, in  the relationship 

The RF bandwidth necessar.y to preserve  a l l  the F M  spec t ra  above 

one percent  i s  given in F igure  4. 2 a s  a, function of the deviation 

ratio.  F igure  4. 3 makes an  al ternate  presentation of this curve, 

using units of lmodulating frequency, f and plotting required 
m '  

bandwidth a s  a function of deviation ratio. F o r  a sys t em with a 

two percent accuracy,  it has  been experimental] y found that these 

4 
bandwidths can be reduced b.y about a factor of two . 

The study resulting in  the s.ystem design given in Table 4 .1  

shotvs that a deviation ratio of about two i s  optimum for  a two pe r -  

cent accuracy system. As KF-bandwidth requireinents become 

a limiting factor ,  lowei- values of deviatjon ratio b c c o n ? ~  neccs s ar y 

to a htain the required vitleo -band width I ~ o L - L ~  a fixed R F  -bancl\vicItli. 



4.7  Fi l ters  and Bandwidth- Limiting 

It  i s  necessary to use filtering in the signal channels to 

eliminate sampling e r ro r s .  The frequency spectrum presented to 

the sampling gate must not possess components above one -half of 

the sampling frequency. With practical filtering a sampling ratio 

of four is used requiring a filter cut-off at  one-fourth of the sam- 

pling frequenc.~,  This filtering will not be necessary in cases 

where the signals measured lack frequency components high enough 

to cause e r ro r s .  

Video-bandwidth limiting by f i l ters  prior to the R F  stage is  

necessary only when two o r  more transmitters  will be operating at  

frequencies which a r e  very  close. In this instance the premodula- 

tion filtering eliminates side frequencies which would otherwise 

spill over into adjacent R F  channels, causing interference between 

R F  s.ys tems . 



EESIGN OIJTLPNE FOI t  T W O  PERCICNT ACCURACY 

PAM-FM 
4 

Paral-ncters Calculated Measured 

Transmit ted SNR, s/lc f 
112 14 14.7 

1 s 

R F  Bandwidth 

Video Bandwidth 

Pealc F r e  quenc,y-Deviation 

Duty- Cycle - Receive 0.7 0.6 
Duty- C.ycle - Transmi t  1. 0 1. 0 

Sampling Ratio .4  sa.mples -cycle -----a 

Premodula,tion 
F i l t e r  

f = sampling f requenc .~ ,  pulses per  second 
S 

1 - 
f 

= period of each sample 
S 

kl 
= RMS noise per unit bandwidth 

S = RMS carrier-voltage 
SNR = Signal-to-noise ratio 

E r r o r  Distribution 

1. Fluctuation e r r o r  of 1.470 - due to fluctuation noise a t  
rece iver  input. 

2. Crosstallc e r r o r  of 0. 69% - due to  pulse spillover f rom 
previous channel. 

3. Distortion e r r o r  of 0 .  3% - due to nonlincaricics, mainly 
limited receiver-bandv~idt11- 

4. Saimpling e r r o r  of 1.. 2% - due to desampling al. s ystcm 
o~l-t-put, 







Deviat ion r a t i o  

F i g u r e  4. 3 R F  bandwidth, i n  uni ts  of rrlodulating 
f requency ,  1 , v e r s u s  deviatioll  r a t i o  

ln 



SECTION V 

CIRCUIT DESIGN TECHNIQUES 

Circui t  designs a r e  l imited by the requirements  set  for th in  

Section 11. Available co.mponents, c i rcui t  simplicity, and cur rent  

dra in  f r o m  the power supply a r e  the m a j o r  restr ic t ions.  Although 

the physiological ambient makes  s t r ingent  requirements  on the  c i r -  

cuitry,  i t  offers two ve ry  distinct and useful advantages - good 

shielding f rom external  noise, and excellent tempera ture  regulation. 

5 .  1 Techniques fo r  minimizing power requirements  

Two techniques a r e  available which minimize power dra in  i n  

a given- circuit .  One is to design t h e  c i rcu i t s  to draw ve ry  l i t t le  

power. The other  i s  to use  c i rcu i t ry  which draws appreciable power 

i n  operation but z e r o  power when i t s  operation is not absolutely r e -  

quir  ed. 

Micropower c i rcu i t ry  r equ i re s  the use  of ve ry  l a rge  r e s i s t -  

ances,  i n  the o rde r  of megohrns. These  circui ts  a r e  slow i n  their  

operation due to the l a rge  values of resis tance.  These res i s tance  

values a r e  present ly not feasible  i n  hybrid integrated circui t  form. 

F o r  these  reasons  this  technique is not applicable to this sys tem a t  

the present  t ime.  



Circui t ry  i s  available which requi res  no standby power. An 

example of this,  given in  F igure  5. 1, i s  a complementary, P N P -  

N P N ,  bistable circui t .  No current  i s  drawn f rom the power supply 

when the t r ans i s to r s  a r e  turned off. The other  s ta te ,  with both 

t r a n s i s t o r s  conducting, draws cur rent ,  l imited by the load res i s tance  

i n  the circui t .  

Standby power can be eliminated i n  other  c ircui ts  which nor-  

ma l ly  consume power 100 percent  of the t ime. This is accomplished 

by switching off the power to these circui ts  when their  operation i s  

not required. Power  requirements  a r e  reduced by a factor  equal to  

the  duty cycle necessa ry  f o r  that c i rcu i t ' s  operation. Alternately, 

this  technique allows n c i rcu i t s  with equal power - requi rements  and 

a duty cycle  of 1 / n  to function f o r  the average, steady-state,  power 

d ra in  of one of the circui ts .  

5. 1 .  1 Requirements  on power- supply-gated circui ts  

Applying power - supply gating to l inear  c ircui ts ,  a s  amplif iers  

and signal conditioners,  makes  cer ta in  demands on the c i rcu i t s1  de-  

s ign and components. In o r d e r  f o r  the circui ts  to be useful in  this  

mode of operation, they m u s t  reach  "steady- s ta te"  conditions (equiv- 

alent to non-gated operation) in a smal l  portion of their  use p e r i ~ d  

o r  "on" period. 

The turn-on t ime (t ime to reach  s teady-state  "on" conditions, 



starting from the "off" conditions), will be equivalent to a delay in 

the beginning of the sample pulse a s  seen by the demodulator. The 

turn-on of the sample pulse will delay the end of the switching t ran-  

sient presented to the video bandwidth and consequently delay the end 

of the transient in  the demodulator. To accommodate this, the video 

bandwidth must  either be increased o r  the desarnpling time moved 

far ther  fr0.m the beginning of the channel ti.me. 

A circuit-turn-on time of l e s s  than five percent of the total 

uonu period will be negligible. The sample aper ture  beginning at 

50 percent of the channel-time, - a s  used i n  obtaining Equation 4. 3 

can be moved to the 60 percent point of the channel t ime with no 

other change provided the aperture i s  sufficiently short. 

5. 1. 2 Component limitations i n  gated-power supply circui ts  

The circui try lmust switch f rom "off" to i t s  steady-state 

operation in l e s s  than five percent of the sample period. This r e -  

quires the individual t rans is tors  to be capable of switching i n  a 

small  fraction of this time. The resis tances i n  the circuit  mus t  be 

small  so that the time constants, associated with them during turn-  

on, will be small.  Capacitances should be avoided i f  possible. They 

may be included i f  special precautions a r e  talcen. It can be noted 

that these requirements a r e  nearly identical with the requirements 

and achievements of integrated circui try designed for high- speed o r  

wide- bandwidth operation. 



lishccl and lxaintained on t hem equivalellt to that  reachcd i n  a non - 

gated-power  operat jon.  Th is  recluires that  charge  be conserved  i n  

t he  "off" por t ion of the  power duty-cycle .  The  c i r cu i t ry  m u s t  be 

designed so  that  each capaci tor  s e e s  a n  infinite impedance  during 

th i s  per iod.  E lec t r i ca l ly  opening all connections to the c i r cu i t  i n -  

volved except to  the  capac i to r ,  o r  opening one lead  of tlie capac i to r ,  

wil l  accon~pl is lz  th is .  

5, 1. 3 Additional advantages and disadvantages of power-supply-  
gating 

The  tu rn-on  t i m e  fo r  the  c i r cu i t  when the en t i r e  t r a n s m i t t e r  

i s  in i t ia l ly  tu rned  on will  be longer  than fo r  non-gated-power ope ra -  

tion. Charging c u r r e n t  f o r  the  capac i to rs  j s  provided only dur ing 

t h e  "on" per iod  so  that  tlie in i t ia l  t u rn -on  t ime  i s  mul t ip l ied by t h e  

r ec ip roca l  of t he  c i r cu i t ' s  duty-cycle.  

T h e  long tu rn-on  cha rac t e r i s t i c  i s  equivalent to mult iplying 

t he  t i m e  constant  assoc ia ted  with a capaci tor  by the  r ec ip roca l  of 

the  duty- cycle.  Th is  o f fe r s  a t t rac t ive  poss ibi l i t ies  i n  c i r cu i t  des igns  

which a r e  l imi ted  to capac i to rs  wit12 sma l l  pliysjcal s i ze .  A duty 

cyc le  of one-tenth will n?ultiply the apparent  value  of a capaci tor  by 

t en  t i incs .  111 a capaci tor-couplcd,  h igh-gain-prc-anlpl i f icr  th is  call 

r c su l t  in  be t te r  lo\?,-frcqucncy r e sponse  with TIC) i n c l - t a s c  i n  volu~mc~. 



Duty-cycle multiplication of the t ime  constant can bc used to 

boost the input impedance of an amplifier.  F igure  5. 2 gives a c i r -  

cuit configuration f o r  this. The capaci tor  i s  charged 100 percent  of 

the t ime  f rom the source.  The amplifier withdraws charge  only dur-  

ing i t s  I'on1' period. The capaci tor  averages this  dra in  over  100 

percent  of the t ime and s e e s  an average dra in  equivalent to the  peak 

d ra in  multiplied by the duty cycle. Since this  drain could be accom- 

plished by an impedance equal to the actual input impedance divided 

by the duty cycle, the apparent ihput impedance i s  increased  over 

the actual value. 

The  c i rcu i t ry  used f o r  this  impedance multiplication also 

pe r fo rms  a s  a low p a s s  f i l te r ,  serving two v e r y  important functions. 

I t  provides bandwidth limiting, pridr- to sampling, to reduce sampling 

e r r o r s .  Also, i t  provides bandwidth limiting which allows cascading 

of high-gain arnplifier s .  This  eliminates oscil lations between the 

two amplif iers .  Differential amplif iers  provide isolation between 

power supply and signal l ines  a t  low frequencies,  but a s  f requencies  

i n c r e a s e  this isolation decreases .  Oscillations usually occur  a t  

f requencies  well above the signal frequencies,  interfering with no r -  

m a l  operation. The s e r i e s  low-pass f i l ter  reduces high-frequency 

gain to eliminate these  oscillations. 

Another, and ve ry  important,  fea ture  of power - supply gating, 

is in  the a r e a  of crosstalk elimination. If all  amplif iers  a r e  turned 



off unlcass I11i.i~- c11;trinc.l i s  I,c>i~ig s ; i r r ~ p I e t i ,  tllerc. tvill 1jc no s ig l ia l s  

prc:scnt in the translnittcl- of sufficient l n s g u i t ~ ~ d e  to ge l~e ra t e  any 

crosstalk.  

5. 2 Tecl~niuues and co1n11onent.s 

The components available m a y  be summarized as :  

a) Wide range of t rans is tor  pa ramete r s  and units 

b)  Some .monolitliic integrated circui ts  available 

c) Resis tances up to 50  lc8. Ratios availa,ble with 
high tolerances.  

d) Very  few capacitors;  chips up to 500 pf, 

e) No inductors 

Trans i s to r s  should be used in  a s  many locations i n  the circui t ry a s  

possible. I t  i s  better to use a t rans is tor  than a passive device i f  at  

a l l  possible. A wide selection of t r ans i s to r s  is available in chip 

fo rm and tra.nsistors a r e  the cheapest component available in  this  

form. 

The use  of power- supply gating allows the use  of some mono- 

lithic integrated circui ts .  Low- duty- cycle operation will reduce 

their  power requi rements  and make  them compatible with the overall  

systelm power requirements .  

Resis tances up to 50 lcSZ a r e  a v a j l a b ' l e  on a single chip. Ratios 

of res i s tances  a r e  obtaiizal3le fro111 a single chip to a high degree of 



accuracy.  The absolute resis tance-values may  vary by 50 p e r c e ~ l t  

f rom one chip to another but rat ios  a r e  dependent a lmost  entirely on 

geometry and one percent  tolerances a r e  easi ly  obtained. 

Capaci tors  and inductors should be avoided i f  possible. Cap- 

ac i tor  chips a r e  available up to about 500 pf. These  values m a y  b e  

.multiplied by emi t te r  followers and by duty- cycle multiplication. 

A m a j o r  portion of the t ransmi t te r ,  which i s  discussed in  

Section VI, is a ring oscil lator.  This  provides the control signals 

f o r  power - supply-gating and for  sampling and multiplexing. The 

m e m o r y  units f o r  the ring osci l la tor  a r e  PNP-NPN, bistable 

s tages,  s imi l a r  to the circui t  i n  F igure  5. 1. These  m e m o r y  units 

w e r e  originally interconnected: using r e s i s to r - t r ans i s to r  logic. 

A revised design uses  capacitive coupling between s tages to 

eliminate the need to select  transistors with different switching speeds 

to  accomplish the required t ime delays. Also, a single unit, an 

SCS (silicon controlled switch),is used to  rep lace  the complex~lentary 

pa i r  of t r ans i s to r s  required to pe r fo rm the m e m o r y  function. 

Resis tances a r e  used to l imi t  the cu r ren t s  i n  the circui ts .  

The c i rcu i t s  a r e  designed so that the absolute values of m o s t  of the 

res i s tances  can  va ry  by $100 percent  to -50 percent  and not affect 

the operation of the circuit .  

Noise immunity in the ring osci l la tor  is provided by sa tura t -  

ed logic and low impedance-levels.  Also, i n  the "off" s ta te  the 



5. 3 Advalztagcs of pl1y sjologically -imp1 anted ambient  

A t r an sn l i t t e s  which h a s  been implaiited i n  a m a m m a l  r e s i d e s  

i n  a conductive n ~ e d i u n  which h a s  v e r y  good t he rma l - r egu l a t i on  

p rope r t i e s .  T h e  conductive med ium prov ides  a d e g r e e  of i so la t ion  

f r o m  ex te rna l  e l e c t r i c  and magne t ic  f ie lds .  Te inpe ra tu r e s  i n  a 

hea l thy  an ima l  wil l  not v a r y  m o r e  than about 2 ' ~ .  C i r cu i t r y  wi l l  

r e m a i n  qu i te  s t ab le  ove r  th i s  l im i t ed  t e m p e r a t u r e  range.  The  c i r -  

cuit  des igns  need accoinmodate  -roan?-temperature opera t ion  and 

i m p l a n t - t e m p e r a t u r e  operat ion,  a  r ange  of about 20°c.  



Input 2 

Ground 

Input 1 

F igure  5.1 PNP-NPN co.mplementary bistable circuit .  



electronic switch 

Input Output 

Ground 

Figure  5. 2 Input impedance multiplication by capacitor 
in gated-power -supply operation. 



SECT LON VI 

TRANSMIT'TER DESIGN 

A t r a n s m i t t e r  f o r  a physiological  implantable,  PAM-FM,  

t e l eme t ry  sy s t em m u s t  contain the  following sect ions:  

a) Sampling and multiplexing control  sou rce  

b) Signal condit ioners and amp l i f i e r s  

c) Sync and AGC gene ra to r s  

d) Multiplexing ga tes  

e) R F  c i r c u i t r y  

f )  P o w e r  supply 

g) Remote  switch 

Th i s  sectj.on wi l l  d i s cus s  the  f ea tu r e s  of the  t r a n s m i t t e r  unit i n  

functional  block fo rm.  Detai ls  of t he  c i r cu i t ry  and i t s  opera t ion  a r e  

a l so  given and d i s cus sed  in  th i s  section.  

6. 1 - Block d i ag rams  of the  t r a n s m i t t e r  unit - 

The  t ra i l smi t te r  c i r cu i t ry  i s  shoum i n  hloclc- d i ag ram f o r m  in  

F i g u r e  6. 1. The ring osc i l l a to r  con t ro l s  the sequential  sampling of 

the  channels, the i r  muliiplexing, 2nd the  gating of the  power suppl ies  

to t l lcir  s ignal  condition< rs and :m:~!ii^crs. 



The signal conditioners include the input t ransducers  o r  pick- 

ups necessa ry  to convert the physiological signals to electr ical  sig- 

nals.  The amplif iers  r a i s e  the levels  of the e lec t r ica l  signals to 

that sufficient fo r  the multiplexing gates. The multiplexing gates  

connect the amplif iers '  outputs, i n  sequence, to the common PAM- 

line. The  composite PAM signal then modulates the  R F  osci l la tor .  

The osci l la tor  rad ia tes  to the external  receiver .  

Power ,  to operate  the t ransmi t te r ,  comes  f r o m  the power 

pack. The  remotely-operated switch allows the  t ransmi t te r  to  be  

operated only when studies a r e  being made,  thus conserving powkr 

and allowing a finite-capacity power pack to be  used intermittently 

over  a long period of t ime. 

The  f r a m e -  sync generator  provides a pulse,  higher than any 

channel 's  pulse,  i n  the composite-PAM waveform. This  pulse i s  

recognized i n  the demodulator and used to synchronize i t s  de.multi- 

plexing gate with the multiplexing gate of the t ransmi t te r .  

The  AGC generator  provides a fixed level  i n  the composite 

PAM. This  leve l  i n  conjunction with the f r a m e  - sync pulse' s level 

c a r r i e s  DC -level and gain- calibration information. 

6. 2 Ring osci l la tor  

The ring osci l la tor  cons is t s  of a ring counter, a clock o r  

d r ive r  c ircui t ,  and an automatic-reset  circuit .  A block diagram of 



the ring osci l la tor  is given in  F igure  6 .2 .  

The ring counter s tages employ PNP-NPN, complementary, 

flip-flops a s  m e m o r y  units. Res is tor - t rans is tor  logic gates couple 

the s tages  together into a ring. T h e r e  a r e  no capaci tors  i n  any of 

this  c i rcui t ry.  The c i rcu i t ry  i s  given i n  F igures  6. 3 and 6.4.  

Each  s tage has  an "and" gate  fo r  a t r igger  o r  clock signal 

input. The p resence  of an  "on" s t a t e  i n  one s tage and a t r igger  

signal causes the next s tage to be turned on. An "or" gate i n  each 

s tage i s  connected to the  "sense" output of the following stage. This  

turns  off a stage when the following s tage tu rns  on. 

There  is a shor t  per iod during the switching action when the 

two s tages  involved a r e  on simultaneously. This  i s  the t ime  requi red  

to tu rn  off the f i r s t  s tage when the second is  t r iggered  on. This  over -  

lap i s  sensed by an "analog and" circui t  and a threshold detector and 

i s  used to turn  off the t r igger  pulse. Ln so  doing, it t r igge r s  the 

monostable c i rcu i t  which s e r v e s  a s  the clock fo r  the ring oscil lator.  

The  diagram fo r  the "analog and" circui t  i s  given i n  F igure  6. 5. 

Closed-loop operation insu res  that the t r igger  pulse is long 

enough to shift the ring counter. The pulse mus t  not be too long. 

If i t  were ,  some succeeding s tages could be  t r iggered  on with a 

s ingle- t r igger-pulse.  Thus, i t  i s  necessary  to achieve a balance 

between the switching speed of the ring osci l la tor  s tages and the 

t r igger  -generating loop. 



This timing balance will be satisfied i f  the t r igger  pulse,  

shifting the ring oscil lator f rom stage n to stage n t 1, i s  turned 

off before the "sense output'' of stage n t 1 i s  turned on. If "sense 

output" comes on before the t r igger  pulse i s  turned off, stage n t 2 

m a y  be t r iggered on. The net resu l t  i s  a shift of two stages instead 

of one. Another possibility i s  for  the t r igger  pulse to be turned off 

before sufficient t ime has  elapsed to  allow the bistable memory  to 

switch. Using two relatively slow t r ans i s to r s  i n  the circui t  loop in -  

volved i n  turning on a s tage and fas t  ones i n  the trigger-cut-off loop ,  

can achieve this  balance. 

The preceding discussion covers  the normal ,  s teady-state  

operation of the ring oscil lator.  I t  is necessa ry  to provide a means 

of starting this kind of c ircui t ry,  and for  restar t ing i t  i f  a malfunc- 

tion occurs .  This  ring osci l la tor  inherently will  not function if  there  

i s  no stage on o r  i f  two o r  m o r e  non-adjacent s tages a r e  on. When 

ei ther  of these c a s e s  occur,  the t r igger  generator  will be held either 

on o r  off and will  not switch. Differentiating the t r igger  pulse pro - 

vides a signal which indicates proper  operation. This signal i s  used 

to inhibit the operation of a monostable circui t  s imi lar  to the clock 

genera tor  but with a period five to ten t imes  longer.  Each differen-  

t iated t r igger  pulse r e s t a r t s  this longer delay. The absence of 

pulses  allows i t s  output to turn  on a t  the end of the delay. 



An ar~lolnai ic  -1 -esc I  frai-irr.(~ i s  oIs i . i inc~c l  from t h j  s c i u c  [ l i t .  I t  

only t u rn s  on when the  ring osci l la tor  fa i l s  t o  ope ra t e .  An "o r t t  

ga te  on each individual  r ing counter s tage  i s  connected to the  output 

of the a u t o m a t i c - r e s e t  s tage.  One s tage  i s  connected so  that  the  r e -  

s e t  ga te  t u rn s  i t  on. The o ther  s tages  a r e  turned off. Once th is  

condition i s  obtained,  the n o r m a l  operat ion of the  r ing osc i l l a to r  

r e s u m e s .  

The  d i a g r a m s  for  a l l  of the  c i r cu i t s  used  i n  the  r ing osc i l l a -  

t o r  a r e  given i n  F i g u r e s  6. 3 through 6. 7.  

6. 3 Revised Ring Osci l la tor  

A block d i ag ram of the  rev i sed  ring osc i l l a to r  i s  given i n  

F igu re  6. 8. F i g u r e  6. 9 i s  the  d i ag ram f o r  the  new r ing osc i l l a to r  

d r i v e r  c i rcu i t .  The  SCS ( 3 ~ 8 4 )  i s  ope ra t ed  a s  a p rog rammab le  

unijunction t r a n s i s t o r  and t he  t iming capaci tor  i s  charged  f r o m  a 

constant  c u r r e n t  s o u r c e  fo rmed  by Q Q and the  assoc ia ted  r e -  
1' 2 

s i s t o r s .  Q3 i s  a capaci tance ~ n u l t i p l i e r  to  i n c r e a s e  the  amount of 

t ime  r equ i r ed  f o r  the  SCS to d i scharge  the  capaci tor .  Q4 and Q5 

fo rm a n  isola t ion and squar ing amplifier. fo r  t he  pu lse  output f roll? 

the  anode ga te  of the S C S .  E x t c r ~ i a l  conl~cct ions  a r e  providcd i n  

para l l e l  with t h e  c~l?i l ler  r e s i s t o r  of Q t o  allo\v adjt-rstment of the  
2 

chaugir~g c u r r e n t  in to  I11e capac i to r ,  w h i c h  i n  t u rn  conlrols  the  fleame 

wicltll c) f each chdnn el .  



Figure  6. 10 gives the diagratn of a flat  pack containing two 

ring osci l la tor  stages.  Ql and i t s  associated biasing network a r e  

a low value cu r ren t  source.  This cu r ren t  source  keeps leakage c u r -  

rent  through the capacitor f rom holding the SCS on and h a s  a high 

enough effective res i s tance  to allow al.most all  of the pulse cur rent  

through the capacitor to go into the SCS. Q i s  a clamping diode 
3 

to prevent the cathode gate of the SCS f rom being forced too f a r  

negative by the leading edge of the preceding stage pulse. Q2 is 

the switch which applies power to the appropriate  signal input ampli-  

f ie r .  The base-emit ter  voltage drop of Q also provides biasing 
2 

f o r  Q,. 

The f i r s t  ring osci l la tor  s tage is shown in  F igure  6. 11. The 

automgtic r e s t a r t  c i rcui t  init ially turns  the SCS on, and turns  i t  

on each t ime  the t r igger  l ine goes above the saturat ion voltage of 

the SCS. After the pulse is shifted out of the l a s t  ring oscil lator 

stage, the t r igger  l ine t r i e s  to  r i s e  to the supply voltage. The auto- 

ma t i c  r e s t a r t  c i rcui t  then switches the f i r s t  stage on again to s t a r t  

a new cycle. Since this c i rcui t  requi res  only two chips, a tapped 

re s i s to r ,  and an N P N  t r ans i s to r ,  and the input coupling capacitor 

i s  no longer necessary ,  the automatic r e s t a r t  c i rcui t  i s  included in  

the flat  pack with the f i r s t  two ring osci l la tor  stages.  



manner . .  Wllell the c i r cu i t r y  i b  ini t ial ly turncd on, one o r  m o r e  of 

the  SCS ' s  m a y  be tu rned  on by th i s  t r ans ien t .  If so ,  t he se  "on" 

s t a t e s  a r e  shi f ted  out of counter  by succe s s ive  t r i g g e r  pu l ses .  

Once t he  r ing osc i l l a to r  s t age s  a r e  c l e a r ed ,  n o r m a l  opera t ion  

can  t ake  p lace ,  s t a r t ing  with the  automat ic  r e s t a r t  c i r cu i t  turning on  

the  f i r s t  r ing  osc i l l a to r  s t age .  F i g u r e s  6. 12  a,nd 6. 13 show wave-  

f o r m s  obtained f r o m  a p rope r ly  operat ing r ing osc i l l a to r .  F i g u r e  

6. 12  g ives  an  ove ra l l  i dea  of the  operat ing cyc l e  and the  sequence of 

events.  F i g u r e  6. 1 3  g ives  m o r e  deta i l  a s  to s o m e  of the  t r a n s i e n t s  

which occu r .  

I t  h a s  been  found tha t  t he  value  of the  coupling capac i to r  b e -  

tween r ing  oscil l .ator  s t age s  i s  non-c r i t i ca l  a s  long a s  i t s  value  e x -  

c eeds  150 pf. 

6. 4 Signal condi t ioners  and ampl i f i e r s  

The  des ign  of s ignal  condit ioners and amp l i f i e r s  i s  dependent 

on the  c h a r a c t e r i s t i c s  of the  s ignals  to be  t e l eme te r ed .  The  signal  

condit ioner f o r  a pa r t i cu l a r  channel  includes  the  t r a n s d u c e r  nece s -  

s a r y  to s ense  the  d e s i r e d  s ignal  and the  c i r cu i t r y  r equ i r ed  f o r  the  

t r an sduce r .  An ampl i f i e r  i s  used to  r a i s e  tllc l eve l  of the  e l e c t r i c a l  

output f r o m  the  s ignal  condit ioner to the va luc  r equ i r ed  by the 111uIti- 

P I  ex i i~g  gates .  



Circui t ry has  been designed for  two types of inputs. Res i s -  

tance-bridge input c i rcu i t ry  for  s t r a in  gauges, thermis tors ,  e t c . ,  

has  been developed. Amplifiers have also been developed fo r  d i rec t -  

e lectr ical  signals a s  EKG, EEG, and EMG. 

Figure  6. 14 gives the basic c i rcu i t ry  f o r  a resis tance-bridge 

channel. The differential amplifier i s  a Fairchi ld pA 702, available 

i n  chip form.  This  amplifier works well i n  gated-power-supply 

operation and with 6-volts-total  power supply. A stable gain of 100 

can  be achieved without any capaci tors .  The power f o r  the amplif ier  

and fo r  the input bridge i s  controlled by a ring osci l la tor  output. 

The modified s t ra in  gauge amplifier is shown i n  ~ i ~ u r e  6. 15. 

This c i rcu i t  has  reduced power drain,  and the output was  modified 

to accommodate switching the negative supply instead of the posit ive 

supply voltage. 
Ql 

and QZ a r e  a differential amplifier with a 

usable voltage gain of about 20. Q3 and Q4 f o r m  a constant cu r -  

rent  source  for  the differential amplif ier ,  the cu r ren t  being de te r -  

mined by the value of R R and R fo rm half of the bridge c i r -  
7 '  5 6 

cuit. The other  two a r m s  of the bridge c i rcu i t  a r e  for.med by ei ther  

a s t r a in  gauge o r  some other var iable  res i s tance  sensor .  Qg i s  a 

pass  t rans is tor  which cuts off the output a s  soon a s  the next ring 

osci l la tor  stage i s  turned on. Qb provides a level  shift and addi- 

tional isolation between the differential amplifier and the output to 

the modulator c ircui t .  



Q i s  the output t rans is tor  which dr ives  a co.mmon line to 
7 

the modulator sync generator  circuit .  The gain of individual clzan- 

nels can  be adjusted by varying R10. The overal l  gain of a l l  the 

channels i s  adjusted by varying the com.mon collector load r e s i s to r  

which i s  in  the modulator circuit .  

Bas ic  c i rcu i t ry  for  a high-gain amplifier to handle d i rec t  

e lec t r ica l  signals i s  given i n  F igure  6. 16. The f i r s t  differential 

amplif ier  i s  low power and opera tes  full t ime. It i s  designed to be 

placed a t  the electrode location, when used, eliminating noise in 

long input leads by sending an amplified signal a t  lower impedance 

back to the ma in  t ransmi t te r  package.' The second differential a m -  

plifier,  i n  the cascaded pa i r ,  i s  operated with gated power supply. 

The frequency response of the channel i s  shaped by capaci tors  

C1, C2, and Cg. C l imi ts  the low-frequency response and blocks 
1 

the DC level a t  the output of the f i r s t  s tage f rom the  input to the 

second. This eli.minates effects of DC unbalances i n  the electrodes 

and in  the f i r s t  s tage which would sa tura te  the second stage. Capacit- 

o r s  C 2  and C provide low pass  fi l tering ahead of the sampling 
3 

gate which is connected to the output of the second s tage to prevent 

sampling e r r o r s .  Capacitor C 3  eliminates high frequency oscil lations 

between the two stages a s  well a s  multiplying the input impedance of 

the second stage. 



Other input t ransducers  could be accolnmodated within the 

franeworlz encompassed by these two basic channels. Given a t r ans -  

ducer,  the problem would be in  matching i t  to one of these amplifiers.  

6 . 5  F rame-sync  and AGC genera tors  

The f r ame-sync  generator  i s  a multiplexing gate which looks 

a t  a fixed level. The output pulse f rom this  generator  i s  se t  about 

20 percent  higher than the maximum height pulse of any channel. 

The AGC pulse i s  a zero-level  pulse. This  was  chosen s ince i t  

can  b e  generated by the  absence of any circui t ry.  The schematic 

diagram fo r  the f rame-sync  generator  i s  given i n  F igure  6. 17. 

In o r d e r  to minimize  the number of . P N P  t r ans i s to r s  neces-  

s a r y  i n  the revised t ransmi t te r ,  and yet keep  the modulation r e fe r -  

enced to the negative supply line, a modulator and sync generator  

c ircui t  was  designed to accept the outputs of the modified s t r a in  

gauge amplif iers  and apply them along with a sync and AGC pulse 

to the r. f .  osci l la tor  unit. The schematic diagram for  this c i rcui t  

is shown i n  F igure  6.18. Q3 i s  the modulator.  The collector load 

r e s i s t o r  i s  set  when the ent i re  t ransmi t te r  i s  assembled to se t  the 

gain of the modulator and thus the deviation of the R F  oscillator.  

Q provides the sync level to the modulator when the f i r s t  ring os - 
2 

cil lator stage output grounds the emi t te r  r e s i s to r .  Provis ion i s  a lso 

made  to adjust the height of the sync plus at ' f inal  assembly t ime. 



R i s  the load r e s i s to r  for  the second ring osci l la tor  stage and Q 1 1 

i s  a clamping diode to in su re  that the sync level te rminates  when the 

second ring oscil lator stage turns on. 

6. 6 Multiplexing ga tes  

The basic  unit of the multiplexing gate i s  given i n  F igure  6. 19. 

This  c i rcu i t  supplies a cur rent  to the Pf,M line proportional to the 

channel 's  output. The overlap gate, Q tu rns  off the multiplexing 
2 ' 

gate when the following stage comes  on. This minimizes  overlap i n  

the PAM waveform due to ring osci l la tor  overlap. 

This  gate offers excellent isolation between the PAM line 

and the channel 's  output when i t  is turned off. The  PAM line has  

signals.under 300 mv.  maximum and these  levels  will not cause  the 

col lector-base junction of the sil icon t r ans i s to r  to conduct. The 

ampl i f ie r ' s  output s imi lar ly  s e e s  an  open circui t .  

The output of the multiplexing gate i s  l imited so  that pulses  

big enough to in t e r f e re  with the sync pulse a r e  not generated. Re- 

s i s to r  R l imi ts  the cu r ren t  delivered f r o m  the gate due to sa tura-  
1 

tion of the amplifier o r  due to a malfunction.in the channel. 

A higher-gain multiplexing gate possessing the same  limiting 

and isolating fea tures  i s  given i n  F igure  6. 20. When the differential 

amplifier sa tura tes  the gate becomes identical to the lower-gain one 



of F igure  6. 19. This gate requi res  close balancing of the preceding 

amplifier but yields an appreciably higher gain. 

6. 7 R F  Circui t ry  

The  schematic diagram of the R F  c i rcu i t ry  i s  given i n  Fig- 

u r e  6. 21. The R F  stage i s  a varicap-.modulated Colpitts oscil lator.  

Ql i s  the oscillating t rans is tor .  C4 and C provide feedback. 
5 

C1 
and C 6  a r e  bypass capaci tors .  C2 and C3 a r e  the modulating 

capaci tors .  The  R F  coil i s  connected between points D and E 

and i s  external to the integrated-circui t  package. 

The diodes i n  the c i rcu i t  a r e  base-e.mitter junctions of t r an -  

s i s to r s .  D3, D4, Rg and R4 combine to bias Q with a constant 
1 

cur rent '  to minimize effects f rom power- supply variations.  R 2  pro -  

vides isolation between the R F  voltages and the PAM l ine connect- 

ed to the point B. 
C1 

also provides low-pass fi l tering p r io r  to 

modulation of the RF.  
R1 

develops the modulation voltage for  the 

var icaps  fr0.m the cur rent  supplied by the P A M  line. R i s  ad-  
1 

justed to vary  the modulating sensitivity of the stage. 

Diodes Dl and D2 provide about one volt of power-supply 

reduction since the total  power supply i s  equal to the voltage-break- 

down of the chip capaci tors  used. With the revised c i rcu i t ry  the 

voltage reduction i s  unnecessary, and these two diodes have been 

eliminated f r o m  the R F  flat  pack. This  statement will be explained 



i n  the next section. 

6. 8 Power  Supply 

A power pack containing f ive m e r c u r y  cel ls  was chosen f o r  

the init ial  t r ansmi t t e r s  to be implanted. This gave a tapped power 

supply of plus 3. 9 volts and minus 2. 6 volts and was the minimum 

number of ce l l s  that would allow the Fairchi ld pA70Z1s to function. 

Nickel-cadmium rechargeable  bat ter ies ,  with a voltage of 1. 25 volts 

p e r  cel l ,  a r e  c lose  to  the potentials offered by m e r c u r y  cells.  These  

two types could be interchanged with no o ther  c i rcu i t ry  changes. This  

allows fo r  a rechargeable  power pack when remote-  charging circui t  

i s  developed. Nickel-cadmium ce l l s  w e r e  used in  testing and devel- 

oping the  syste.m and m e r c u r y  cel ls  i n  the implanted t rans.mit ters .  

The  power pack for  the revised c i rcu i t ry  was chosen to be 

four m e r c u r y  ce l l s  yielding an  operating potential of 5. 2 volts. 

These  circui ts  will a lso work with five cel ls .  A minimum of about 

4. 5 volts is requi red  for  rel iable  operation of the ring oscil lator.  

6. 9 Remote switch 

Remote switching of the t r ansmi t t e r ' s  power i s  effected by a 

bistable electronic switch t r iggered  with a magnetic reed-switch. 

An external magnet is used to c lose  the reed  switch and cause the 

electronic switch to change state.  Studies w e r e  also made  using a 



smal l  bias magnet in  conjunction with a reed switch, giving a polar -  

ized and latching reed  switch. This method was  rejected s ince a 

strong external field can  demagnetize the bias magnet,  killing the 

operation of the circuit .  The diagram of the remote-switch circui t ry 

i s  given in  F igure  6. 22. 

Since the revised circui t ry does not requi re  switching of both 

the plus and minus  power supply leads,  a s imple latching magnetic 

reed  switch i s  used to turn  the circui t ry on and off. 

6.10 Transmi t t e r  Subcommutation 

Circui t ry  has  been breadboarded which would allow the sub- 

commutation of one of the information channels i n  the t ransmi t te r .  

F igure  6. 23 shows the c i rcu i t ry  necessary  to modify one of the ex- 

isting s t r a i n  gauge amplif iers  fo r  use  in  a subcommutating system. 

The actual power f o r  operation i s  obtained f rom the lower speed 

dr iven ring osci l la tor  stage. The output of the p r i m a r y  ring oscil-  

la tor  s tage which i s  to be subco.mmutated i s  used to key the other  

input so that power i s  applied only during the  frai-ne when i t  i s  r e -  

quired. A l a rge  r e s i s to r  is i n  s e r i e s  with the keying signal to keep 

this  keying signal f r o m  applying sufficient power to operate  the sub- 

commutated amplif iers .  This  s e r i e s  r e s i s to r  a l so  helps prevent 

loading of the output of that ring osci l la tor  stage. 



Figure  6. 24 shows the c i rcu i t ry  used f o r  the ring osci l la tor  

d r ive r  fo r  the subcornmutating ring oscil lator.  This  c ircui t  just 

differentiates and inver t s  the output of one of the ma in  ring osci l la-  

t o r  s tages.  This  spike i s  then applied to the shift line of the sub- 

cornmutating ring oscil lator stages,  and they operate  s imi lar ly  to 

the m a i n  ring oscil lator.  

This c i rcu i t ry  was  developed for  the original ring osci l la tor .  

Similar  c i rcu i t ry  could be developed for  the revised ring osci l la tor  

with a few modifications. 
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F igure  6. 1 Block Diagram of a Transmi t t e r  
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Figure  6. 3 Ring-oscillator stage with reset-to-off input 

A) t 4  volts 
B) T e s t  point 
C)  To sense  output, previous s tage 
D) To t r igger  l ine 
E) Sense output 
F) 0 volts 
G) To r e s e t  l ine 
H) To sense  output, following stage 
J )  T e s t  point 
K) Output 



A 

B 

C 

D 

E 

F 

G 
P N P  2N3638 

F i g u r e  6 . 4  Ring-o sc i l l a to r  s tage  with r e se t - t o  -on input 

+ 4 vol ts  
T e s t  point 
To  s e n s e  output, p rev ious  s tage  
T o  t r i gge r  l i ne  
Sense  output 
To  r e s e t  l ine  
0 vol ts  
To  s e n s e  output, following s tage  
T e s  t point 
Output 



al l  t r ans i s to r s  2N2923 

Figure 6. 5 "Analog-and" circui t  fo r  ring oscillator 

A) to N) Inputs, f rom ring-oscillator- 
stage outputs 

P ) Output 
Q ) + 4 volts 
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Figure 6. 14 Resistance- bridge channel input amplifier 
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Figure  6. 19 Multiplexing gate 

A) Control signal 
B) Input 
C) Control signal, following channel 
D) Negative power-supply 
E) Output 



Ql + Q3 2N3638 
Q2 2N2923 

F igu re  6. 20 Higher - gain mult iplexin 

A) Control  s ignal  
B) Input 
C) Control  signal, following s tage  
D) Negative power-supply 



Figure  6. 21 R F  unit 

A) f 4 volts (either A o r  E used as  
posit ive supply input) 

B) Modulating input 
C) - 2.5 volts 
D) R F  coil (between D -f E) 
E) R F  coil, a lso decoupled + supply 



Figure  6. 22 Remote- switch c i rcu i t ry  

A) + 4 volts, input 
B) - 2.5 volts, input 
C) -2 .5  volts, output 
D) Decoupled output f o r  R F  stage 
E) + 4 volts, output 







SECTION VII 

DEMODULATOR DESIGN 

The demodulator sys tem pe r fo rms  a function which i s  the in -  

v e r s e  to that of the multiplexing c i rcu i t ry  i n  the  t ransmi t te r .  Addi- 

tional fea tures  a r e  incorporated i n  the demodulator to give inc reased  

performance.  The  overal l  design hinges on making the t r ansmi t t e r  

a s  sma l l  a s  possible. The demodulafor a ids  this  by ,e.mploying m o r e  

extensive and complex c i rcu i t ry  to  compensate fo r  fea tures  which 

can be minimized o r  eliminated f r o m  the t ransmi t te r .  The ru le  i s  

to make  the t r ansmi t t e r  s imple and util ize whatever c i rcu i t ry  i n  the 

demodulator necessa ry  to give high reliabili ty and performance. 

The  demultiplexing unit m u s t  accurately separa te  the r e -  

ceived, composite-PAM, signal in to  the c o r r e c t  channels. This 

places the  following requirements  on the demodulating system: 

a) Automatic gain control, AGC, fo r  amplitude calibration 

b) DC -level restorat ion o r  clamping f o r  low -frequency 
response and elimination of low -frequency cross ta lk  

c )  Synchronized desampling of the PAM waveform to 
a s s u r e  the  proper  channel pulses  to  each output 

d) Desampling af ter  all switching t rans ien ts  have de-  
cayed to eliminate c ross ta lk  between adjacent channels. 

e) Output fi l tering to remove sampling frequency 
components f rom the outputs. 



The demodulating unit i s  given i n  block-diagrams fo rm i n  

F igure  7. 1. The operation of this  unit fa l l s  into two ma in  divisions. 

These  a r e  the s teady-state  operation and the turn-on and lock-in 

operation. 

The demodulator uses  a ring osci l la tor  a lmost  identical to 

that of the t ransmi t te r .  Ser ies  diodes a r e  used i n  the t r igge r  inputs 

of the s tages  and diodes instead of t r ans i s to r s  i n  the "analog and" 

c i rcu i t ry  to provide r e v e r s e  breakdown voltages of 12 volts, the 

demodulator power supply. 

The delays and windows fo r  clamping and sampling use  stand- 

a r d  one-shot mult ivibrators .  Special designs w e r e  developed f o r  

a) sample-and-hold c i rcu i t ry  

b) AGC amplifier c i rcu i t ry  

c)  c lamp-level-  s ense  c i rcu i t ry  

d) low-pass f i l t e r s  

that would pe r fo rm the des i red  functions for  the  demodulator. 

7. 1 Steady- s ta te  operation 

7. 1. 1 Ring osci l la tor  

A ring oscil lator,  s imi l a r  to the one i n  the t r ansmi t t e r ,  con- 

t ro l s  the demodulator operation. This  ring oscil lator i s  slaved to 

the received composite-PAM waveform. A sync-pickoff s tage 



recognizes the f rame-sync  pulse and the ring osci l la tor  i s  r e s e t  

f rom this  s tage ' s  output. The ring counter i s  then switched to the 

next stage by the trail ing edge of the recognized sync-pulse. The 

switching period of the ring-oscillator d r ive r  is then locked to the 

PAM signal by an automatic-frequency-control (AFC) circuit .  

7. 1. 2 Sync recognition and clamp level sense  

This  c i rcu i t ry  m u s t  recognize the sync pulse i n  the composite 

PAM and not be mis - t r igge red  by noise pulses.  The, c i rcu i t ry  i n  

F igure  7. 2 pe r fo rms  this  task. The  f i r s t  differential amplifier o r  

comparator  looks a t  the PAM and a reference  level, and gives a 

positive output when the PAM exceeds the reference. The low-pass 

f i l ter  between the two compara tors  integrates  the  output of the  first 

and the second compares  the f i l t e r ' s  output with a reference. The 

diode i n  the f i l te r  discharges the capacitor rapidly a t  the  end of the 

sync o r  noise pulse. The time-constant of the f i l te r  will  not allow 

noise pulses  to integrate  to a value l a r g e  enough to t r igger  the sec-  

ond comparator .  Thus,  noise rejection i s  obtained. An inverted 

high-level output i s  a l so  provided. 

7.1. 3 Sample-window genera tor  

This  generator  provides the sma l l  desampling aper ture  d is -  

cussed i n  Section IV and shown in F igure  4.1. The generator  i s  

t r iggered  by the ring-oscillator d r ive r  so that the aper ture  is locked 

to the ring osc i l la tor ' s  switching t imes.  



7. 1. 4 Sample-and-hold c i rcu i t ry  

Desarnpling a PAM wavef0r.m requi res  a sample-  and-hold 

action. Pu l ses  i n  the composite PAM fo r  a given channel m u s t  be 

gated to that channel 's  output. The pulses  should be s t retched into 

100 percent  duty-cycle pulses  to provide m o r e  energy to  the input of 

the low-pass  f i l te r  which i s  a t  the channel 's  output. 

The sample -and-hold c i rcu i t ry  i s  shown i n  block-diagram 

f o r m  i n  F igure  7. 3 The actual c i rcu i t ry  i s  given i n  F igure  7.4.  The  

compara tor  looks a t  the output and the PAM waveform. The gated 

amplif ier  is controlled by the "and" ' combination of the sample 

window and the r ing-osci l la tor-  s tage output corresponding to that 

channel, and is  dr iven by the compara tor ' s  output. This  amplifier 

adjusts  the charge  on the capacitor so that the input and output a r e  

equal during the gating period. Between gating periods the capaci tor  

s e e s  a v e r y  high impedance load so that i t  maintains  i t s  charge  dur-  

ing this  interval.  The gated amplifier h a s  a cu r ren t - source  output 

with infinite output impedance when gated off. The  amplifier follow- 

ing the  s torage  capacitor has  a high input impedance and i so la tes  i t  

f r o m  the load on the channel's output. These  impedances provide 

the long t ime constant fo r  the holding operation. 

This c i rcu i t ry  provides nar row sampling aper tures ,  adjust-  

ab le  f r o m  100 ysec  to  about 3 psec a s  a l imit ,  and holds the sample 

value f o r  seve ra l  mill iseconds. This  c ircui t  i s  useful i n  severa l  



places;  the m o s t  common i s  the demultiplexing gates.  I t  i s  a l so  

useful a s  a c lamp-drive circui t ,  adjusting the charge on the capaci- 

t o r  a t  the output of the AGC amplifier to provide clamping action 

on the PAM signal. I t  a lso i s  used to provide the AGC drive.  

Low-pass  filtering is used to  remove the  sampling-frequency 

components f rom the output and to provide the bandwidth limiting 

necessa ry  for  noise considerations.  

7. 1. 5 Low-pass f i l t e r s  

Sharp-  cutoff f i l t e r s  a r e  available using inductors and capaci- 

t o r s .  These  a r e  not suited to  this  project  a s  the v e r y  f a s t  r i s e t imes  

of the sample-and-hold circui ts  m a k e  the f i l t e r s  ring, giving a high 

noise level  i n  the outputs. F o r  these  reasons  it was  necessa ry  to 

design a f i l te r  with a s teep slope and no ringing. 

In  channels with low-bandwidth relat ive to the sa.mpling ra te ,  

a th ree  section res i s tor -capaci tor  f i l ter  w a s  used a s  shown i n  Fig-  

u r e  7. 5. This can  be included on a pr inted-circui t  c a r d  and pe r fo rms  

well, f o r  example, i n  10 Hz channels with 500 Hz o r  higher sarnp- 

ling f r equenci e s . 

Channels using the minimum four -to -one sampling rat io  r e  - 

qu i re  sha rpe r  f i l te rs .  F igure  7 . 6  gives an active f i l ter  for  this 

application. 



7. 1. 6 Clamp and clamp-window 

The top of the f rame-sync  pulse i s  locked o r  clamped to a 

fixed level by the clamp circui t ry.  The preceding amplif ier  has  a 

capacitor - coupled -output. The charge  on this  capacitor is adjusted 

by the clamping circui t  to se t  the proper  DC -level a t  the ampl i f ie r ' s  

output. 

The clamp -window genera tor  provides a nar row aper ture  f o r  

the clamping action af ter  the switching t rans ien t  has  decayed and 

before the end of the sync pulse. This  c i rcu i t ry  i s  t r iggered  by the 

second sync-recognition comparator .  This  ape r tu re  is also the s ig-  

na l  used to r e s e t  the ring osci l la tor  to  the  s tage corresponding to 

the f r ame-sync  pulse. 

7. 1. 7 Automatic gain control 

The automatic-gain-control (AGC) c i rcu i t ry  consis ts  of a 

variable-gain amplif ier ,  a level  comparator  and a low-pass f i l ter .  

The AGC pulse i s  compared with a fixed level  by the level compara-  

tor .  The compara tor  provides a signal to adjust the gain of the 

amplifier.  The  low-pass f i l te r  is included to keep the AGC loop 

stable. The AGC drive is gated by the combination of the sample 

window and the r ing-osci l la tor-  s tage output corresponding to the 

AGC pulse. 



7. 1. 8 AGC amplifier 

The AGC amplifier i s  a variable-gain wide bandwidth a m -  

plifier.  A photocell-lamp combination i s  used i n  a var iable  attenuator 

c i rcu i t .  This  i s  the only l inear  wide- signal- swing variable  impedance 

element  available which i s  non-mechanical. Operating the lamp at 

half of r a t edvo l t age  o r  l e s s  will give i t  anindefini te  lifetime. This  

combination has  a response-t ime of about one second and this  mus t  

be taken into account in  constructing the AGC feedback loop to 

main ta in  stability. F igure  7. 7 gives the c i rcu i t  diagram f o r  the 

AGC amplifier.  

7. 2 Turn-on and lock-in operation 

-Acquisition of locked operation upon system-turn-on and r e -  

acquisition, a f te r  dis turbances due to noise o r  af ter  other l o s s  of 

lock, r equ i re s  special  charac ter i s t ics  i n  the circui t ry.  The com- 

pos i te  PAM at the input to the sync-recognition c i rcu i t ry  m a s t  have 

the  proper  levels  and amplitude to init iate clamping-action. 

The  AGC amplifier i s  designed so  that i t s  gain becomes a 

maximum when the f r ame-  sync circuityy is not op erating. This  

g ives  a maximum signal- swing to switch the input comparator  of the 

sync recognition circui ts .  This  s t a r t s  the clamping action. A r e -  

s i s t o r  to the posit ive supply f rom the capacitor -coupled output of 

the  ACG amplifier causes  the DC level a t  that point to drift  i n  the 



positive direction. This ,  coupled with maximum AGC amplifier gain, 

a s s u r e s  that the PAM will swing pas t  the sync -recognition level. 

The AGC drive i s  inhibited until cla.mping action begins. At 

this  point the AGC c i rcu i t ry  begins to function,. reducing the gain to 

the proper  level and the demodulator becomes locked i n  and ready 

f o r  operation. 

7. 3 Improved Demodulation Circui t ry 

A block diagram of the multiplex rece iver  modification i s  

shown i n  F igure  7 .8 .  This  c i rcu i t ry  uses  the level  clamp and AGC 

functions of the original c i rcui t ry.  The clock frequency is adjustable 

and i n  operation it i s  adjusted to the  clock frequency in  the t r ansmi t -  

t e r .  The  clock synchronization allows f o r  minor  frequency variat ions 

and a s s u r e s  a proper  phase relationship between the two clocks. 

Thus, the rece iver  clock puts out a pulse each t ime a different chan- 

nel appears  on the  incoming signal. 

A Genera l  Instrument  MOS Integrated Circuit ,  MEM 3012 

SP 12-BIT s e r i a l  in-paral le l  out shift r eg i s t e r ,  i s  used to select  the 

proper  sample and hold c i rcu i t  to sample the incoming channel. At 

the beginning of a cycle of channels coming i n  (as  detected by the 

sync level  detector) a data  pulse i s  fed to the MEM 3012 SP. As 

each clock pulse comes  along, the data pulse i s  shifted f r o m  one 

output to the next. The  pulse appears '  f i r s t  i n  the f i r s t  output, then 



when a clock pulse a r r i v e s  i n  the second output and so forth. 

Each output of the shift r eg i s t e r  i s  fed to an "and" gate. A 

second input of the "and" gate i s  connected to  a sample window pulse 

generator .  This  genera tor  produces a pulse of controlled width i n  

each period between clock pulses.  The control.led width pulse i s  de-  

layed a constant amount f r o m  the beginning of the period. The sample  

window pulse i s  delayed to allow any switching t ransients  to die down 

before sampling occurs .  The sample window pulse widths m a y  b e  a s  

shor t  a s  1 .microsecond. 

The output of each "and" gate  is fed to  the gate of the c o r -  

responding sample  switch. Genera l  Instrument  MEM 2009 MOS 

I. C. .multiplex switches a r e  used fo r  the s.axnple switches. The 

MEM 2009 consis ts  of 6 MOS F E T  switches. The source  connections 

of a l l  F E T ' s  a r e  t ied together. The signal l ine i s  brought i n  on this  

connection. As each gate is turned on, the F E T  becomes a low r e -  

s i s tance  and connects the signal l ine  (source) to  the hold capacitor 

(drain); The  signal in  the l ine a t  that t ime i s  s tored  i n  the hold capa- 

ci tor .  Another MEM 2009 i s  used to read  out the voltage s tored  on 

the capaci tors .  The F E T ' s  a r e  used a s  source-follower (unity gain) 

amplif iers .  The  source ' s  of the FET1 s which a r e  internal ly  tied to - 

gether  a r e  held a t  - 6 volts, the  dra ins  a r e  individually fed through 

load r e s i s t o r s  to + 12 volts. The ga tes  a r e  connected to the 'hold' 

capaci tors .  ( ~ o t e :  The dra in  and source  a r e  reversed  f r o m  usual 



source  follower connections, but because  of the symmetry  of an 

F E T  this  does not ma t t e r .  ) The high input impedance of the MOS 

F E T  insu res  that l i t t le  charge will leak off the 'hold' capacitor.  

Each MEM 2009 flat  pack contains sjx MOS FET'  s. At l eas t  

two flat  packs m u s t  be used together. A total of four  flat  packs will 

provide for  up to twelve channels of information. The MEM 3012 SP 

shift r eg i s t e r  a l so  provides f o r  twelve bi ts  of information. Thus, any 

number of channels up to twelve m a y  be demodulated. 

7. 3 .  1 Clock Circui t  Description . 

The diagram f o r  the clock circui t  is given i n  F igure  7.9.  

The clock consis ts  of a s imple unijunction t rans is tor  relaxation o s -  

c i l la tor  with a pulse shaper  and a synchronization circuit .  The pulse 

shaper  i s  requi red  to obtain adequate pulses  fo r  operating the shift 

r eg i s t e r .  The synchronization c i rcu i t  differentiates the sync level 

pulse,  providing a sha rp  spike. This  spike turns  on a pnp t r ans i s -  

t o r  which shor ts  the  charging r e s i s t o r  and f i r e s  the UJT.  

The frequency of the clock m a y  be var ied  by adjusting the 

50 K potentiometer.  The clock frequency m a y  be var ied  over  an 

even wider range by changing the timing capacitor.  The period 

m u s t  be adjusted such that the synchronization pulse does not cause 

two clock pulses  to appear  ve ry  c lose  together. 



7. 3. 2 Delay and Sample Window Generation Circui t ry 

The delay is generated by an adjustable monostable multivi- 

bra tor .  The delay monostable t r igge r s  another adjustable mono- 

s table  which provides a delayed sample window pulse. The delay is 

general ly  se t  to be  one-half of a clock period. The sample window 

pulse  m a y  be  a s  shor t  a s  1 microsecond and s t i l l  allow the sample 

and hold c i rcu i t  adequate acquisit ion t h e .  

7. 3. 3 Svnc Level  Detector Ci rcui t rv  

The sync level detector i s  the s a m e  a s  used on the original 

rece iver .  

7. 3. 4 Data Monostable Multivibrator 

An ord inary  adjustable monostable multivibrato r is  used to 

provide a data  pulse a s  an input to the shift r eg i s t e r  when t r iggered  

by the sync level  detector.  The monostable mult ivibrator  m u s t  be 

adjusted to provide a pulse f o r  longer than one clock period, but 

shor t e r  than two periods.  

7. 3. 5 Shift Register  

The shift reg is te r  is a General  Instrument  MEM 3012 SP 

MOS I. C. 



7. 3. 6 "Andtt Gates  Circui t ry 

The "and" gates a r e . s i m p l e  T T L  gates. The f i r s t  pkp 

t r ans i s to r  f rom the shift r eg i s t e r  output provides isolation fo r  and 

inversion of that output. Speed up capaci tors  a r e  used to provide 

f a s t  r i s e  t imes  fo r  microsecond sample window pulses.  The diagram 

fo r  the "and" gates  i s  given i n  7.10. 

7. 3. 7 Sample Hold Circui t  

The sample  and hold circui t  a s  given i n  F igure  7.11 makes  

u s e  of two MOS F E T 1 s  contained i n  separa te  MEM 2009 MOS I. C1s. 

The  f i r s t  F E T  ac ts  as an analog switch connecting the signal l ine 

to the hold capacitor upon command f rom the "and" gates. The 

hold capacitor s t o r e s  the signal until i t  i s  updated. The  second F E T  

10 
ac ts  a s  a unity gain amplifier.  I t s  high input impedance (1 0 oh.ms) 

allows the hold capacitor to maintain its voltage level until the next 

sample window f o r  that channel. The amplifer FET i s  operated a s  

source  follower (with source  and d ra in  levels  inverted). 

F igure  7. 12 gives voltage waveforms for  the new demodulator 

c i rcu i t ry  which w e r e  taken during the reception and demodulation of 

a 4 channel PAM signal. 

7 . 4  Subcommutated Channel Demodulator - 

The rece iver  demodulator c i rcu i t ry  fo r  this  subcommutating 



sys tem is basically the s a m e  a s  that for  the main  system except that 

no AGC function i s  necessary .  A sync level somewhat lower than 

the m a i n  sys tem sync level is used to determine the starting point 

f o r  the subcommutating rece iver  ring oscil lator.  A block diagram 

of the subcommutating demodulation sys tem is shown i n  F igure  7. 13. 
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F igure  7 .  8 Block d i ag ram of improved demodulator 









100 microseconds  p e r  c m  

F i g u r e  7. 12 Demodulator waveforms 
A.  Received PAM signal  2 v / c m  
B.  Output of s ample  window genera tor  lOv/cm 
C. Demodulator clock output 20v/ c m  
D. Sample pulse fo r  f i r s t  channel 20v /cm 





SECTION VIII 

SYSTEM PERFORMANCE 

A four channel discrete component t ransmit ter  was built and 

tested. Testing included implant i n  the abdominal cavity of a dog. 

A four channel hybrid integrated circuit  t ransmit ter  was built, using 

c i rcui t ry  identical to that of the dis c r  ete component t ransmit ter .  

Difficulties encountered in the assembly and testing of this unit in- 

dicated some revision of the circui try was necessary. Redesign of 

the t ransmit ter  ring oscillator has  cleared up the problems which 

presented themselves in the previous design. A four channel hybrid 

integrated circuit  t ransmit ter  using the new circui try was built and 

tested. ' No problems were  encountered i n  the assembly and testing 

of this t ransmit ter .  

An eight channel t ransmit ter  using the original circui try was 

breadboarded and i t  successfully telemetered EKG, EEG and 

s t ra in  gauge information with no perceivable crosstalk. The tele- 

mete red  records were  identical to those obtained using a hard  wire  

system. 

8. 1 Implanted transmit ter  

A four channel t ransmit ter  using micro-miniature discrete 

components was implanted i n  a dog. This implant was performed a t  

the Pharmacology Department, University of Michigan. Four 
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1000 52-silicon strain-gauge transducers  were  used. These were  su-  

tured to the gas t ra l  antrum and duodenum of the dog to record con- 

t ract i te  activity. The tests  were  performed with the dog and the r e -  

ceiving system's  antenna in the same room, transmission distances 

being 20 feet o r  l e s s .  A continuous 24-hour record was obtained 

from the unrestrained dog, possibly the f i r s t  record of i t s  kind made 

anywhere. 

The transmit ter  had a peak frequency-deviation of 200 kHz, 

RF  bandwidth of 1 MHz and video bandwidth of 100 kHz. The sa.m- 

pling frequency was 1200 Hz p-er channel. F i l te rs  i n  the demodula- 

tor  outputs limited the channels' bandwidths to 10 Hz fo r  noise r e -  

duction. Full scale sensitivities were  500 gms with noise levels of 

2 gms p e a k - t ~ - ~ e a k ,  (less than 0. 5 percent). 

Activity patterns, telemetered by the implanted transmit ter ,  

a r e  compared with patterns obtained from another dog direct-wired 

to recording equipment, in Figure 8. 1. The two sets  of recordings 

a r e  very  similar .  A.mplitude and activity patterns for s imilar  t rans-  

9 ducer locations a r e  nearly identical . 

Figure 8. 2 gives a picture of the ring oscillator,  signal chan- 

nels, multiplexing circui try and transducers  fo r  the implant t rans  - 

mit ter .  The volume for  this circui try i s  0. 5 cubic inches. R F  

stage and remote switch add about 0 .2  cubic inches. Battery pack 



fo r  100 hours operation and epoxy to match electronics-package shape 

to batt ery-pack shape bring the total volume to 2. 5 cubic inches. 

Integrated circui try has  reduced the volurne for  a s imilar  

four channel t ransmit ter  to under 0. 5 cubic inches for  electronics. 

Power supply requirements for this t ransmit ter  were  35 

milliwatts. Changing to 5000 S1 t ransducers  f rom 1000 S1 units 

would lower the power requirements by about 5 milliwatts. 

8. 2 Eight channel breadboard system 

Integrated circuit  designs were  tested i n  a breadboarded 

transmit ter .  . Information channels were  incorporated for resis tance-  

bridge sensors and for  direct- electrical signals. Initially, standard 

component circuitry was used. Integrated circui ts  were  substituted 

into the t ransmit ter  a s  they were  developed. All circuitry, except 

for  the direct-  electrical- signal channels, was reduced to integrated 

circuit  form. 

The tes ts  were conducted in  a laboratory. R F  t ransmission 

distance was about 10 feet. Frequency deviation was 150 kHz peak. 

Video bandwidth was 100 kHz and R F  bandwidth 1 MHz. The 

sampling ra te  was 600 Hz for  the information channels, giving a 

useful information bandwidth of 150 Hz for each channel. 

The electrical- signal channels had the following measured 

characteris t ics  given i n  Table 8. 1. 'The two channels use s imilar  



c i rcu i t ry  except for  the multiplexing gates.  The higher-gain channel 

uses  the gate of Figure 6. 18. The noise level of this channel i s  de-  

te rmined by the  input stage. The lower-gain channel uses  the gate 

given i n  F igure  6. 17. F igure  8. 3 gives calibration curves f o r  these  

two channels. 

EKG, picked up with surface electrodes,  was te lemetered 

using the lower-gain channel. F igure  8.4 gives a portion of this 

recording. Higher sampling r a t e s  would permi t  te lemeter ing EMG 

with this  channel. 

EEG's ,  f rom electrodes implanted i n  the  brain of a cat,  w e r e  

te lemetered by two channels. A portion of these  recordings is given 

i n  F igure  8. 5. 

Resis tance-bridge channels w e r e  tested using 5000 0-si l icon 

s t rain-gauge sensors .  F igure  8 .6  shows a sensor  and the method 

of calibrating the sensors .  F igure  8. 7 gives a typical calibration 

curve  fo r  a s t rain-gauge channel through the sys tem including de- 

modulator.  This  sensitivity i s  higher than needed by the implant 

t r ansmi t t e r  and will be reduced, resulting i n  lower power requi re-  

men t s  i n  the channel. The noise levels  were  0. 5 percent of full 

scale  peak to peak i n  a bandwidth l imited to DC to 10 Hz in  the 

desampling circui t ry.  Cross ta lk  was  not measurable  between any 

channels . 



The power supply drain for  the breadboard t ransmi t te r  was 

40 mill iwatts.  This t ransmi t te r  included six channels for  5000 S2 

strain-gauge t ransducers  and two channels for  e lectr ical  signals 

(EEG and EKG). 

8. 3 Hybrid Integrated Circuit  T ransmi t t e r  

A four  channel s t ra in  gauge hybrid integrated circui t  t sans-  

m i t t e r  was  built using the circui ts  which were  tested i n  the eight 

channel breadboard t ransmi t te r .  

I t  was found that the timing of the ring osci l la tor  d r ive r  is 

direct ly  connected to the overlap t ime between ring osci l la tor  stages.  

This overlap t ime  i s  detected i n  the "and" circui t  which i s  fed back 

to the ring oscil lator dr iver  to r e s e t  the timing circuit .  Although 

the overlap t imes  only va ry  f r o m  one to six microseconds out of a 

f r a m e  width of a lmost  200 mic.roseconds, this  causes the f r a m e s  to 

va ry  f r o m  one another by a s  much a s  10%. This  l a rge  variation i s  

caused by incomplete r e s e t  of the ti.ming circui t  i n  the r ing oscil lator 

d r ive r  when the overlap t ime i s  l e s s  than five microseconds.  Oscil-  

loscope t r aces  showing this variation a r e  shown in F igure  8. 8. 

It was a l so  found that the breadboard t ransmi t te r  had intro-  

duced s t r ay  effects on the ring oscil lator c i rcu i t ry  which w e r e  neces-  

sa ry  fo r  proper  operation. This was  found at  assembly t ime when 



ring osci l la tor  s tages had to be carefully selected and matched to 

allow the ring osci l la tor  to function. 

By carefully selecting circui ts ,  a t ransmi t te r  was built and 

functioned properly.  However, i t  was  felt  that the ring oscil lator 

c i rcu i t ry  should be revised to minimize the possibility of s t r a y  ef- 

fec ts  causing a malfunction. A picture showing this  completed t r ans -  

m i t t e r  is given i n  F igure  8. 9. 

The ring osci l la tor  was  redesigned using the same type of 

m e m o r y  ele.ment, but combining the  NPN-PNP combination into 

one unit, an SCS. Several  additional advantages were  accrued a s  

a resu l t  of the ring oscil lator revision. Two ring oscil lator stages 

can  now be  wired  i n  one f la t  pack instead of one. Only one polar i ty  

of power supply i s  required and the  total  power consumed by the ring 

osci l la tor  is l e s s  than the previous design. 

Sufficient hybrid integrated circui ts  were  built and a four 

channel s t r a in  gauge t ransmi t te r  was  assembled using these  circui ts .  

No difficulty was  encountered i n  ei ther  the assembly o r  testing of 

this unit and it i s  s t i l l  functioning properly.  F igure  8. 10  shows a 

photograph of the completed t ransmi t te r  and a printed circui t  board 

identical to the one on which the t r ansmi t t e r  was  constructed. A 

scale  is included for  s ize  comparison. The printed circui t  board i s  

approximately 3/4" x 5/8" and the height of the finished t ransmi t te r  



is 3/ 8" . The power consumption of this t ransn~i t t e r  is 15 milli- 

watts, 3 milliamps a t  5 volts. 

The linearity of the overall system using this transmitter is 

better than 2 per cent. 

8.4 Subcommutating Breadboarded System 

Transmitter  and demodulator circuitry was breadboarded to 

allow subcommutation of one of the information channels. The sys - 

tern was set  up to telemeter two high frequency channels and to sub- 

commutate a third high frequency channel into four lower frequency 

information channels. Preliminary tests of this circuitry were suc - 

cessful, but the circuitry has not been put into hybrid integrated 

circuit form as yet. Results of the preliminary tests indicated no 

loss of crosstalk rejection o r  frequency response in the subcommu- 

tated channels with strain gauge input. 



TABLE 8 .1  

MEASURED CHARACTERISTICS 
O F  ELECTRICAL-SIGNAL CHANNELS 

Charac te r i s t i c  Measured  Value 

Higher -gain channel Lower -gain channel 

Input impedance 250 kS2 250 W2 

Bandwidth; f 0, - 3 db 0 .3  to 150 Hz 0 . 3  to 150 Hz ' 

Ful l - sca le  sensit ivity 900 p v ,  p. p. 3000 p v ,  p. p. 

Noise level  10 p v ,  p . p -  30 pv, pa p. 



RF T E L E M E T R Y  DIRECT WIRED 

F i g u r e  8.1 G a s t r o  - in tes t ina l  cont rac t i te -ac t iv i ty  of dog. 
T r a n s d u c e r  locat ions a r e :  

A )  G a s t r i c  an t rum - c i r c u l a r  ax i s  
B) ~ a s t r i d  an t rum - longitudinal a x i s  
C)  Duodenum - c i i c u l a r  ax i s  
D) Duodenum - longitudinal ax i s  



Figure 8. 2 Discrete component transmitter. 

a) Transmitter with transducers. 

b) Closeup of transmitter. 









4 Support 

Figure 8. 6 Calibrating method for strain-gauge t ransducers  

Force i s  applied a t  right angles to center-line of 
t ransducers  at point of suturing. 



0 10 2 0 30 40 

Calibrating force ,  g r a m s  

F igu re  8. 7 Cal ibrat ion of s t ra in-gauge channel 









SECTION IX 

LIMITATIONS 

AND SUGGESTIONS FOR FURTHER DEVELOPMENT 

Transmi t t e r  c i rcu i t ry ' s  switching - t imes  li.lnit the maximum 

information-bandwidth the syste.m can te lemeter .  Receiving and de-  

modulating equipment place 1i.mitations on the bandwidths available. 

Extensions of the sys tem design a r e  possible .within the  bas i c  

f ramework  and c i rcu i t ry  developed. The u s e  of low-duty-cycle oper -  

ation can  be extended to f u r t h e r  reduce power - supply requirements .  

RF-rechargeable  battery packs a r e  possible  to great ly  extend the 

useful l ife of the t ransmi t te r .  Bandwidths can  be extended by the 

u s e  of a n  AM type R F  link. 

9. 1 Limitations due to t r ansmi t t e r  c i rcu i t ry  

Bandwidth i s  proportional to sampling ra te ,  and sampling 

r a t e  i s  l imited by switching t imes  of t ransmi t te r  c i rcui t ry.  The 

ring osci l la tor  controls sampling ra tes .  Since the shifting t r igger  

pulse is between 5 and 10 microseconds  in  duration, and the mini -  

m u m  f r a m e  width f o r  each ring osci l la tor  stage i s  approximately 

20 microseconds ,  the ring osci l la tor  d r ive r  frequency upper l imit  

i s  approximately 40 KHz. This  upper l imit  could possibly be ra i sed  



by using SCS's with fas ter  turn-on and turn-off characteristics.  

Waveforlns showing the tr igger  pulse and ring oscillator stage out- 

puts a r e  given i n  Figure 6.12 

9. 2 Limitations due to receiver  and demodulator 

Receiver choice determines R F  bandwidth and limits avail- 

able video bandwidth. FM stereo tuners have R F  bandwidths of 

around 200 kHz and video bandwidths of about 55 kHz.  This will 

accommodate a 20 kHz sampling ra te  and 5 kHz of information 

bandwidth. An FM telemetry receiver  with 1 MHz R F  bandwidth 

will have a maximum video-bandwidth of 350 to 500 kHz. This 

will permi t  sampling a t  100 kHz and give around 2.5 kHz informa- 

tion bandwidth i n  an eight channel system. 

The revised demodulator circui try sample window capability 

of one microsecond i s  compatible with the maximum sampling capa- 

bilities of the present  system. 

9. 3 Extensions of the system 

In addition to the method of subcommutation, power supply 

economy can be realized, at the expense of bandwidth, by low -duty- 

cycle operation of the entire t ransmit ter .  A single f rame  of samples 

i s  taken at a ra te  within the f rame  much higher than necessary for 

information-bandwidth requirements. Then the transmit ter  i s  turned 



off f o r  a period, waiting f o r  the next f rame.  The f r a m e s  m u s t  have 

a repetit ion r a t e ,  f r a m e  by f r ame ,  to satisfy the sampling requi re-  

ments .  This operation could reduce power requirements  by a fac tor  

of 10 o r  m o r e  i n  a system with a total-information-bandwidth of 

1000 Hz. Receiving anddemodulating equipment would requi re  some 

modification to handle this duty-cycling, especially when the R F  

c a r r i e r  i s  duty-cycled. 

Rechargeable ba t te r ies  would extend the  useful l ife of the 

3 
t r ansmi t t e r  by a fac tor  of 10 and reduce the volume of the bat tery 

pack to about one cubic inch. Nickel-cadmium bat ter ies  can  be r e -  

charged by coupling an external R F  field to  a n  internal  pickup coil 

10 
and rectifying the received R F  power . 

9 . 4  R F  Link improvement 

As mentioned previously, the FM R F  link m a y  not be opti- 

m u m  for  this  type of te lemetry  system. A thorough investigation of 

the possible R F  link alternatives should be made  on the bas i s  of 

D. C. power dra in  fo r  the minimum usable signal to noise ratio.  

Methods of improving the radiation pat tern f r o m  an  implanted 

t r ansmi t t e r  should also be studied to determine an optimum method 

of coupling power f r o m  the implanted t r ansmi t t e r  to the receiving 

antenna. 



APPENDIX I 

MULTIPLE -CHANNEL PHYSIOLOGICAL 
TELEMETRY SYSTEMS 

Physiological te lemetry  sys tems present ly available a r e  too 

l a r g e  i n  s i ze  and requi re  too much power to be implanted. A survey 

of typical sys t ems  i s  given i n  Table Al .  1. Power-supply requi re-  

men t s  range f r o m  60 to 340 mill iwatts.  Volumes, including bat- 

t e r y  packs,  a r e  5 cubic inches and upwards. 

Frequency-division multiplexing is used i n  severa l  designs 

a s  it is the eas ies t  to instrument.  The subca r r i e r  osci l la tors  con- 

sume l a r g e  amounts of power. Pulse-modulation methods a r e  used 

i n  t ime-division syste.ms. Pulse-durat ion and pulse-po sition modu- 

lation have been used. In general,  these  sys tems requi re  l e s s  power 

than frequency-division sys tems performing the s a m e  te lemetry  

function. 





A P P E N D I X  II 

A SURVEY OF T Y P I C A L  PHYSIOLOGICAL 
SIGNAL P A R A M E T E R S  AND M E A S U R E M E N T S  

Physiological signals are  detected by five basic kinds of 

sensors: 

a) Elect rical 

b) Force 

c) Thermal 

d) Flow 
I) 

e) Impedance 

Electrical-signal sensors a re  either surface or  implanted electrodes. 

Materials used a re  stainless steel, platinum, silver-silver chloride, 

and glass with salt bridge. Force sensors a re  variable impedance 

elements coupled mechanically or hydraulically to the activity being 

measured. Temperatures a re  sensed by thermistors (temperature- 

variable resistor s). 

Blood flow measurements a re  made by electromagnetic and 

electrosonic flowmeters. Impedance bridges are  used to monitor 

changes in muscle and organ impedances resulting from their acti- 

vities. Table A2. 1 gives a listing of typical physiological signals 

with characteristics and measurement methods. 



Signals vary in  frequency content with direct-  electrical sig - 

nals requiring the highest bandwidths. The remaining signals r e -  

quire bandwidths of DC to 20 Hz. Clinical studies of EMG require 

500 Hz bandwidth; EEG and EKG require about 200 Hz. Some 

studies utilize bandwidths for  EEG and EMG to 5000 Hz. 

Electr ical  signals vary  i n  amplitude fr0.m 10 to 75 micro-  

volts fo r  EEG to about 4 millivolts for EKG. Nerve and cell-  

membrane potentials a r e  i n  the o rder  of 150 millivolts. 



TABLE A2.1 

CHARACTERISTICS O F  PHYSIOLOGICAL SIGNALS 

Physiological Amplitude Frequency Transducer  Reference 
Signal Range Range 

Elec t ro  - 0.75-4,mv. 0.1-100 Hz Elec t rodes  19 
card iogram Pa P- 
(EKG) 

Phono - 
cardiogram 

30-100 Hz Piezoe lec t r ic  20, 21 
pickup, 
microphones 

E lec t ro  - 5 
0 .1-4  mv. 2-10 Hz Elec t rodes  19 

myogram P. P. 10-500 Hz 

(EMG) (clinical) 

E lec t ro  en- 10-75pv 0.5-200 Hz External  scalp 19 
cephalogram and implanted 

(EEG) - electrodes 

Elec t rogas  - 1 0 ~ ~ - 3 5 0  0.05-0. 2Hz Surface 22 
t rograph  PV electrodes 

Nerve 140 m v  to 100 Elec t rode  23, 24 
Potent ia ls  peak pulses /  

second 
r i s e  t ime  
0. 3 m s e c .  
100/sec.  
common 

Blood 0-400 m m  0. 5-100 Hz St ra in  gauge 
P r e s s u r e  Hg on a r t e r y  

Hydraulic 
coupling to 
t ransducer  



Physiological Amplitude Frequency Transducer  Reference 
Signal Rang e Range 

Blood Flow 1-300 c m /  1-20 Hz Electromagnetic 26 
sec.  flowrn et e r  

Ultrasonic 27 
flowmeter 

Gas t ro-  20-100 cm 0-10 Hz Variable 2 8 
intestinal inductance 
P r e s s u r e  

Bladder to 100 cm 0-10 Hz 29 
P r e s s u r e  

Tempera ture  

Respiration 
Rate 

Tidal 
Volume 

Stomach pH 

Gas t ro-  
intestinal 
F o r c e s  

50-1000 m l  0.15-6 Hz 
p e r  breath 

3-13 0-1 cpm 

5-200 0-1 Hz 
g r a m s  

Thermis tor  19 
Thermal  
expansion 

E lec t  rode 19 
imp edanc e; 
piezoelectr ic  
devices;  
pnewnograph 

Impedance 19 
pneumograph 

Glass  electrode 30 
Antimony 
electrodes 

Strain gauges 9 



APPENDIX III 

TRANSMITTER PACKAGING 

The t r ansmi t t e r s  mus t  be wired, waterproofed, coated with 

a physiologically iner t  mater ia l ,  and s ter i l ized i n  preparat ion for  

implant. 

A3. 1. Discrete-Component Transmi t t e r  

A 4-channel t ransmi t te r  was  built using subminiature dis - 

c r e t e  components. F igure  8 . 7  gives two views of the strain-gauge 

channels, multiplexing gates  and ring oscil lator.  This c i rcu i t ry  

was  fabricated on a printed c i rcu i t  board and used the following com- 

ponents : 

a) N P N  t r ans i s to r s  - GE microtab,  D26E-6 

b) P N P  t r ans i s to r s  - Amperex LDA 451 with 5 m i l  
ha rd  gold leads  spot-welded on. 

c )  30 mill iwatt  r e s i s t o r s  f r o m  Br i t i sh  Radio Elec-  ' 
t ronics ,  Incorporated. 

d) Ceramic  chip capaci tors  - Westcap, 5 .mil 
ha rd  gold leads spot-welded on. 

A3. 2. Pr inted-Circui t  Fabricat ion 

C a r e  .must be exercised i n  the preparat ion of printed c i r -  

cuit boards used i n  the assembly of a hybrid integrated c i rcu i t  



t r ansmi t t e r .  Standard printed circui t  board techniques of photo 

r e s i s t  and etching m a y  be used i f  ex t reme cleanliness i s  observed. 

The or iginal  ar twork was done a t  ten t imes  finished s ize,  

and the reduction w a s  m a d e  onto Kodalith Ortho Type 3 film. 

Following photo resis t ing and etching the board was  t rea ted  

with a t in plating solution to prevent oxidation and improve so lder -  

ability. 

Soldering was  done with a controlled hea t  smal l  tip solder-  

ing i r o n  and s tandard 60-40 tin lead  ros in  c o r e  solder.  

A3. 3. Integrated-Circui t  Fabricat ion 

The component chips a r e  bonded onto a ce ramic  subs t ra te  

which h a s  a gold pa t te rn  on i t s  surface.  Gold paste,  containing a 

g l a s s  f r i t ,  ( ~ l e c t r o - s c i e n c e  Labs,  Inc. ,  type 8 8 0 0 ~ )  is s i lk-screen-  

ed onto the subs t ra te  and f i r ed  i n  a t  9 0 0 ~ ~ .  The pas te  has  a v e r y  

viscous vehicle with a low vapor p r e s s u r e  s o  that the subst-rates 

m u s t  be  inser ted  ve ry  slowly into the firing oven. 

0 
The chips a r e  eutectic-bonded, using about 380 C and p r e s -  

su re ,  onto the pat terns .  One m i l  gold w i r e  is thermocompression 

bonded to the chips to interconnect them. F igure  A3.1 shows a 

flatpack containing a wired  circui t  and one with a cover sealed onto 

i t .  

The c i rcu i t s  a r e  tes ted before the l id is put on and c o r r e c -  



tions a r e  made if necessar.y. After sealing, the circuit is  tested 

and color-coded to identif.y it. 

A3.4. Flatpack Interconnections 

Flatpack integrated circuits a re  interconnected using a 

printed circuit board. The flatpacks a r e  inserted on edge. Figure 

8.10 shows the printed-circuit board for a 4-channel transmitter,  

using strain-gage channels, and a completed transmitter.  This 

board has provision for additional discrete components which a re  

necessary to se t  up the modulation level and to balance the strain 

gauge signal amplifiers. 

A3.5.- Packaging and Waterproofinq of the Discrete Component 
Transmitter 

The completed circuitry i s  potted in  clear epoxy ( Hysol 

resin, RA2038, and hardener, HZ-3404). All lead wires coming 

through the surface of the epoxy (input and power-supply leads) 

a r e  degreased with acetone so that epoxy will seal  to them. 

The battery pack i s  potted similarly. The two packs a r e  

butted together with a teflon mold-release on the adjacent surfaces. 

A thin layer of epoxy then i s  used to cover the input and power 

supply leads running along the surface. This also serves to bond 

the two packs together but allows them to be separated in  order to 



replace the battery pack. Figure A3.2 shows a completed package 

with four strain-gauge transducers. 

The epoxy is  coated with an adhesive (Dow Corning Type A 

medical adhesive). Nylon mesh is  then wrapped around the epoxy 

package and tied in  place with silk sutures, (No. 0). The ends of 

the sutures a r e  about ten inches in length and extend through the 

outer silastic covering. There a r e  eight pairs of sutures and these 

a r e  used to anchor the transmitter inside the animal. The mesh 

adds strength to the silastic and allows for sutures to be placed a t  

other locations on the transmitter if necessary. This is  shown in 

Figure A3. 3. 

The final covering (Dow Corning, No. 382, Medical Grade 

Elastomer) is applied over the entire package. 

A3. 6. Sterilization 

The transmitter i s  sterilized in Zephiran chloride for 48 

hours. A 48-hour water soak follows to get rid of the Zephiran 

chloride. Distilled, and boiled, water i s  used for the rinse, with 

two o r  three complete changes of water. The unit is  then stored 

in a sterile container, filled with sterile water, until being im- 

planted. 



A3.7.  Packaging of Other Transmitters  

Since complete epoxy encapsulation of the transmitter com- 

ponents makes it almost impossible to remove a component without 

total destruction of it and surrounding components. It is hoped that 

a method of encapsulation will be found which will allow removal 

and testing of defective components to ass is t  in la ter  development 

and c i r  cuit improvement, 
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